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ETCH STOP IAY1R SYSTEM 
BACKGROUND OF THE INVENTION 

The invention relates to the field of etch-stop material systems on 
monocrystalline silicon. 
5 Mictoelectromechan teal systems (MEMS) form the bridge between 

conventional microelectronics and the physical world. They serve the entire spectrum, 
of possible applications. MEMS include such varied devices as sensors, actuators, 
chemical reactors, drug delivery systems, turbines, and display technologies. At the 
heart of any MEMS is a physical structure (a membrane, cantilever beam, bridge, arm, 

1 o channel, or grating) that is "micromachined" from silicon or some other electronic 

material. Since MEMS are of about the same size scale and, ideally, fully integrated 
with associated microelectronics, naturally they should capitalize on the same 
materials, processes, equipment, and technologies as those of the mieroelecttonies 
industry'. Because the process technology for silicon is already extensively developed 
15 for VLSI electronics, silicon is the dominant material for micromachining. Silicon is 
also mechanically superior to compound semiconductor materials and, by far, no other 
electronic material has been as thoroughly studied. 

A wide array of micromachined silicon devices are fabr tcate v f i hi 
boron concentration "etch-stop" layer in combination with anisotropic wet ©tenants 

2 0 such as ethylenediamine and pyrocateehol aqueous solution (EDP), potassium 

hydroxide aqueous solution (KOH), or hydrazine (N2H2). Etch selectivity is defined as 
the preferential etching of one material faster than another and quantified as the ratio of 
the faster rate to the slower rate. Selectivity is realized for boron levels above 10*9 
cm~3, and improves as boron content increases. 
25 It should be noted thai etch stops are also used in bond and etch-back silicon on 

insulator (BESOI) processing for SOI microelectronics. The etch-stop requirements 
differ somewhat from those of micromachining, e.g., physical dimensions and defects., 
but the fundamentals are the same. Hence, learning and development in. one area of 
application can slid should be leveraged in the other. In particular, advances in relaxed 

3 0 Sibe alloys as substrates for high speed electronics suggests that a bond-and-etch 

scheme for creating SiGe-on-insulator would be a desirable process for creating high 
speed and wireless communications systems. 

SU MMARY OF T HE INVE NTION 

Accordingly, the invention provides a Side monocrystallinc etch-stop material 
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system on a moaocrystallaie silicon substrate. The etch-stop material system can 
vary in exact composition, but is a doped or undoped SiuxGe* alloy with x generally 
between 0,2 and 0.5. Across its thickness, the etch-stop material itself is uniform in 
composition. The etch stop is used for micromachining by aqueous anisotropic etchants of 
5 silicon such as potassium, hydroxide, sodium hydroxide, lithium hydroxide, 
eraylenediamine/ pyroeateehoi/ pyrazine (BDP), TMAH, and hydrazine. For example, a 
cantilever can be made of this etch-stop material system, then released from its substrate 
and surrounding material, i.e., "micromachined", by exposure to one of these etchants. 
These solutions generally etch any silicon com i ng less than 7xlQ w cm" 3 of boron or 

1 0 undoped Siw x G% alloys with x less than approximately 18. 

Alloying silicon with moderate concentrations of germanium leads to excellent 
etch selecuvhies, i.e., differences in etch rate versus pure undoped silicon. Tins is 
attributed to the change in energy band structure by the addition of germanium. 
Furthermore, the nendegenerafe doping in the Si^Ge* alloy should not affect the eieh- 

15 stop behavior. 

The etch-stop of the invention includes the use of a graded-composition buffer 
between the silicon substrate and the SiGe etch-stop material. 'Nominally, the buffer 
has a linearly-changing composition with respect to thickness, from pure silicon at the 
substrate/ buffer interface to a composition of germanium, and dopant if also present, at 

2 0 the buffer/ etch-stop interface which can still be etched at an appreciable rate. Here, 
there is a strategic jump in germanium and concentration from the buffer side of the 
interface to the etch-stop material, such that the etch-stop layer is considerably more 
resistant to the etchant. 

In accordance with the invention there is provided a monocrystalline etch-stop 

2 5 layer system for use on a monocrystalline Si substrate. In one embodiment of the 

invention, the system includes a substantially relaxed graded layer of Sij*Ge s , and a 
uniform etch-stop layer of substantially relaxed Sij-yGey, In another embodiment of the 
invention, the system includes a substantially relaxed graded layer of Si^Ge*, a 
uniform etch-stop layer of substantially relaxed Sij-yGcy, and a strained Si^Ge* layer. 

3 0 In yet another embodiment of the invention, the system includes a substantially relaxed 

graded layer of Sii-xGe*, a uniform etch-stop layer of substantially relaxed Sij.yGey, a 
second etch-stop layer of strained Sii^Ge* and a substantially relaxed Sij.wGew layer. 

hi accordance with the invention there is also provided a method of integrating 
device or layer. The method includes depositing a substantially relaxed graded layer of 
3 5 StKxGe* on a Si substrate; depositing a uniform etch-stop layer of substantially relaxed 
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Sis- y Ge y on the graded buffer; and etching portions of &e substrate and the graded 
buffer in order to release the etch-stop layer. 

hi accordance with another embodiment of the invention, there is provided a 
method of integrating a device or layer. The method includes depositing a substantially 
5 relaxed graded layer of Sij , x Ge x on a Si substrate; depositing a uniform first etch-stop layer 
of substantially relaxed Si)„yGey on the graded buffer; depositing a second etch-stop layer 
of stained Si^Ge*; depositing a substantially relaxed Si^Ge* layer; etching portions of 
the substrate and the graded buffer in order to release the first etch-stop layer; and etching 
.portions of the residual graded buffer in order to release the second etch-stop Si^Ge* 
10 layer, 

BRIEF DESCRIPTION OF T HE DRAWIN GS 

FIGs, IA-1D are functional block diagrams of exemplary epitaxial SiGe etch 
stop structures configured on a silicon substrate in accordance with the invention; 
1 5 FIG. 2 is a cross-sectional TEM micrograph of the structure of FIG. I B; 

FIG . 3 is a cross-sectional TEM micrograph of the structure of FIG. 1C; 

FIG. 4 is graph of dopant concentrations of the structure of FIG. 1A; 

FIG. 5 is a graph of dopant concentrations of the structure of FIG. ID; 

FIG. 6A is a graph showing the cylindrical etch results of the structure of FIG. 
2 0 1A; FIG. 6B is graph showing a magnification of the left side of FIG. 6A; 

FIG. 7 is a graph showing the cylindrical etch results of the structure of FIG. 

ID; 

FIG. 8 is a graph showing the etch rates for <100> intrinsic silicon in 34% KOH 
at 6Q°C normalized by 18.29 um/hr of the structures of FIGs. 1A-ID; 

2 3 FIG. 9 is a photograph of a top view of a micromaehkied proof mass; 

FIG. 10 is a block diagram of a process for fabricating an SiGe-on-insulator 
structure; 

FIG. 1 1 A-l IF are schematic diagrams of the fabrication process for SiGeOI; 
FIGs. 12A and 12B are IR transmission images of intrinsic voids due to 

3 0 particles at the bonding interface, and a demonstration of void-free bonding, and crack 

due to Maszara surface energy tost for SiGe bonded to oxide prior to annealing, ' 
respectively; 

FIG. 13 is a graph of oxide thickness versus oxidation time, for 700°C wet 
oxidation of SiGe alloys for various Ge concentration; 
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FIG, 14 is a graph showing the etching results using a 
IiF:H 2 0 2 :CH3COOH (1 :2:3) solution, for the a test structure shown in inset diagram; 

FIG, 15 is a cross-sectional TEM imerograpli of a final exemplar}' SiGe on 
oxide structure; and 

5 FIG. 16 is an atomic force microscope surface map of the remaining strained Si 

layer in the SiGeOI structure, after fee 30 minute HF:H 2 0 2 :CH 3 COOH (1 :2:3) etch. 



1)11 \U !.1> i>t S< RM'TiON O! lilt INVENTION 

In the traditional metliod of forming etch stops in Si micromachinmg or in 
10 certain SOI processes, good etch-stop results are only obtained at very high 

concentrations of boron, and the dopant's effect on the silicon crystal structure becomes 
vitally important. Substitution of a silicon atom, site with boron, a smaller atom than 
silicon, conn ict he 'i > n utiee 5 -, the doped lattice remains coherent with the 
lattice of the undoped substrate, a biaxial "lattice mismatch" stress is generated in the 
15 plane of the substrate. This stress biaxially elongates, i.e., elastically strains, the doped 
material in the same plane. As the base of a unit cell is strained, so is the height via 
Poisson distortion. Therefore, the Si:B lattice is vertically contracted as it is 
horizontally expanded, leading to a smaller vertical lattice constant than the equilibrium 
value. For thin layers of Si:B, it is energetically favorable for the material to be 

2 0 elastically strained like this, i.e., "pseudomorphic". 

As the thickness of the doped, l ayer grows, however, the total strain energy per 
unit area of film increases proportionally, until the layer surpasses a "critical thickness" 
when it is energetically favorable to introduce dislocations instead of elastically 
straining the film. Dislocation loops are heterogeneously nucleated at the film surface 
25 or film edges and grow larger, gliding towards the substrate-film interface. When a 
loop meets the interface, the two ends (now called "threading" dislocations because 

the thickness of the film) continue to travel away from each other, trailing 
a line defect at the interface known as a "misfit" dislocation. The misfit dislocations 
accommodate the lattice-mismatch stress, relieving the horizontal and vertical strains 

3 0 and restoring the in-plane and perpendicular lattice constants to the equilibrium value, 

i.e., "relaxing" the material. For a low-mismatched lightly strained epitaxial film on a 
diamond cubic or zincblende substrate, a mesh of orthogonal <! 10> misfit dislocations 
is the most likely configuration because of the {11 1}<I 10> easy slip system for these 
crystal structures at elevated temperatures, such as those involved in diffusion and most 
35 CVB processes. 
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At high enough quantities, fee effects of any dissimilar-sized 
substitutional atom on the silicon microstracture are the same as those of boron. Of 
course, the impact depends on the relative size and concentration of the substitutional 
species. Also, incorporation of a larger atom than silicon, e.g., germanium, would 
5 result in compressive stress and strain rather than a tensile situation like Si :B, 

In the conventional etch stop process, extremely high concentrations of boron 
are needed to achieve a high etch rate selectivity. These very high boron 
concentrations lead to dislocation introduction in the thick films that are desired in 
many MEMS applications. Since the p process is ereatt s hrcagl i 

10 process, there is a gradient in dislocation density and a gradient in the horon 

concentration. Because the etch stops in the boron concentration gradient, the thin film 
part typically possesses large curvature, which is compensated for by an annealing 
treatment. In addition, the etch stop selectivity is extremely sensitive to the boron 
concentration. If the concentration fails below the critical 7xlO i9 em" 3 , the selectivity is 

15 drastically different. Thus, since this baron concentration is near the solubility limit, 
dopant concentration fluctuations in tine vertical and lateral dimensions produce low 
yields in MEMS processes. The SiGe etch stop breaks the link between dopant 
concentration and etch selectivity. Also, since the SiGe alloy is a irascible alloy 
system, there is continuous complete solubility between Si and Ge. 

20 The theory of anisotropic etching of silicon as described by Seidei et ah, J. 

Electroehem. Soc. 137 , pp. 3626-31 (1990), incorporated herein by referee. , is « id« l\ 
considered the appropriate model. Although specifics like absolute etch rate and 
dissolution products may differ, the general concept is valid for all anisotropic etchants, 
as they are all aqueous alkaline solutions and the contribution of the etohant is modeled 

25 as nothing more specific than H 2 0 and OHr. Indeed, the existing literature shows 
consistent behavior among the etchants. 

Early work on etch rate reduction in p-f + Si ;B presented no hypotheses beyond 
- n ; cal data. Two possible explanations for the etch-stop phenomenon were 
proposed: stronger bonding from the high boron concentration or the formation of a 

3 0 boron-based passivation layer. As research accumulated, the etch-stop theories aligned 
along two credible approaches. The electronic models assign etch-stop behavior to the 
action of ca (\ ation models directly attribute it to the formation of a 

pa )xide -based layer on the silicon surface. 

Others concluded th s o centration 

3 5 and not to atomic concentration of boron or stress. They observed an etch rate drop 
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that was proportional to the fourth power of the increas e in boron concentration 
beyond about 3xl0 19 em~3. Four electrons are required by a red-ox etching process 
hi. escribed leading them to expl > s i ( uasawu 

increased probability that the electrons are lost to Anger recombination because of the 
5 higher hole concentrations. 

Seidel et al. agreed with the electron recombination hypothesis. They saw the 
etch rate begin to Ml around 2-3x10*9 cmr\ which agrees with the doping level for 
the onset of degeneracy, 12x1 O* 9 cm" 3 . At degeneracy, the Fermi level drops into the 
valence band aid the band-bending is confined to a thickness on the order of one 

10 atomic layer. The injected electrons needed for etching are able to tunnel through such 
a narrow potential well and recombine in the p-H- bulk crystal, which halts the etching 
reaction. The remnant etch rate in the etch-stop regime is attributed to the conduction 
band electrons, whose quantity is inversely proportional to the hole, i.e. boron* 
concentration. Four electrons are required to etch one silicon atom, which explains the 

1 5 dependence of the remnant etch rats on the fourth power of the boron concentration. 
It was observed that the formation of an SiOx passivation layer on p-H- 
Si:BC2xl0 20 cm~3) in aqueous KOH by in situ ellipsometrie measurements. In the case 
of p + -Si a large number of holes at the surface causes spontaneous passivation with a 
thin oxide-like layer. The layer is not completely networked like thermal oxide, so it is 

20 etched tastei and u t i vnd etch products across the layer, 

leading to some finite overall etch rate. The lattice strain induced by a high dopant 
concentration could enhance the layer's growth. Furthermore, the. etch rate reduction is 
not a Fermi-level effect since the phenomenon is exhibited by both heavily doped p- 
and n-silicon, 

25 Chen et al., I Electroehem. Soc. 142, p. 172 (1995), assimilated the observations 

and hypotheses above and their own findings into a composite electrochemical model, 
where etch stopping is attributed to the enhancement of die oxide film growth rate 
under high carrier concentration. The key process is hole-driven oxidation at-fiie 
interface, which inhibits etching by competing with a reaction for Si-Si bonds and 

3 0 hydroxy! radicals, but more importantly, by building the SiOx barrier. In p-H- silicon, a 
sufficient quantity of holes for etch-stop behavior is supplied as ths converse of the 
electron action outlined by Seidel et al. That is. instead of electrons thermally escaping 
the potential well or tunneling through, into fee bulk crystal, holes from the bulk crystal 
thermally overcome or tunnel through the potential barrier to the interface. It will be 
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appreciated that this etch-stop process is djitaraic, i,e, s it is a continuous 
competition of silicon dissolution and formation/ dissolution of the oxide-like layer, 
whose net result is a nonzero etch rate. 

Gennmuum is appeal ins an etch-resistant addiii > tuss ;iso< ctronic t 
S and perfectly misctbie in, silicon and diffuses much less readily than dopants and 
impurities in silicon. Furthermore, the epitaxy of silicon-germanium alloys is selective 
with respect to silicon oxide, facilitating patterning and structuring, and even affords 
higher carrier mobilities to electronics raonolitbieaJly integrated with MEMS. 

Existing gennanium-based etch-stop systems are, at best, only marginally 

1 0 sui table for silicon mieromachiumg. In spite of the aforementioned advantages to using 
germanium, currently there is an inadequate understanding of the etch-stop effect in 
siHcon-germanium materials and no information on anisotropic etching of high 
germanium, content: solid solutions. 

Many isotropic etchants for pure germanium exist. Common to all of these is 

15 an oxidizer, such as HNOa or HfeCb, and a completing agent to remove the oxide, like 
HF or H3PO4. Early studies were made on isotropic germanium etching by solutions 
such as "Superoxol", a commercially available H2O2-HF recipe. More recently, 
investigations have been made on various combinations of HNOa, HN02, HF, H*S04 
H2S02,CH3COOH, H2O2, and H2O. 

20 In fact, some of these compositions selectively etch germanium or silicon- 

germanium alloys over silicon, because of differences in the relative oxidation or oxide 
dissolution rates, but only one ©tenant exhibits the inverse preference relevant to this 
project: 100% NH4OH at 75°C directly attacks polysilicon at 2.5 pm/hr but 
poiygermanium at only 660 A/br. Unfortunately, the selectivity is only about 37, the 

2 5 etch rate for silicon is impracticably slow, and the etch is isotropic, which limits its 

usefulness in micromachming. 

Previous results with heavy concentrations of germanium in silicon are likewise 
discouraging with respect to silicon micromachming. Shang et ai, J. Electrochera. Soc. 
141, p. 507 (1994), incorporated herein by reference, obtained a selectivity of 6 for 

3 0 relaxed, dislocated Sio.7Geo.3:B (10^ cm* 3 ) in a KOH-ptopanol-K.2Cr207 aqueous 

solution. Yi et al., Mat, Res, Soc. Symp. Proc, 3779, p. 91 (1995), developed a novel 
NH4NO3-NH4OH etchant with selectivities belter than 1000 at 70°C for 10% and 
higher germanium alloys. The mixture does not etch pure germanium, but etches pure 
silicon at 5.67 pm/bx, a weak pace for mieromachining purposes. Both systems are 
3 s isotropic. 
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By holding fee Sio.7<3e0.3rB f8m under the criiicai thickness, Bhang's team 
improved the selectivity in the same KOH~propanol-K2Cr207 solution to about 40. 
Narozny et al, IEEE ffiDM (1988) 563, were the first to use such a "strain-selective" 
recipe, but only realized a selectivity of 20 (for 30% germanium doped with 10^ cjri-3 
S boron) and a sluggish etch rate of 1.5 pm/hr at room temperature for pure silicon," 
Although the results of Shang et at. and Narozny et al. might have simply been from the 
well-established etch-stop ability of boron, Godbey et al, Appl, Phys. Lett. 56, p, 374 
(1990), achieved a selectivity of 17 with undoped SiQjGeoj. None of the articles on 
strain-selective etch a s offei Hi explanation for the selectivity, 

1 o The anemic etch rate is a grave disadvantage because many MEMS structures 

can be fairly large compared to typical VLSI dimensions. Moreover, MEMS structures 
subjected to strain-selective etehants would have to be thinner than the critical 
thickness. However, as a pseitdomorphic structure is released and its strain relieved, 
the selectivity would deteriorate. A sacrificial strained etch-stop layer could be used, 
1 5 imposing additional process steps and design constraints, but would at least provide 
advantages over current oxide/ nitride sacrificial layers: monocrystaUinity can continue 
above the layer and silicon-germanium's growth, selectivity with respect to oxide adds 
design^ patterning freedom. 

The consensus of the research community has been that lo w concentrations of 

2 0 germanium have little or no effect on etch stopping in anisotropic etehants like KOH 

and EDP. Up to 12% germanium, Seidel et al. detected no significant suppression of 
etch rate. p-H- layers strain-compensated with 2% germanium showed no remarkable 
differences from those without germanium. By implanting germanium, Feij6o et al., J. 
Electrochem. Soc. 139, pp. 2312-13 (1992), attained a maximum selectivity of 12 to 24 

2 5 in EDP at 80°C, corresponding to a dose with a peak concentration of about 0.6%. 

Finne et al,, J. Electrochem. Soc. 1 14, p.969 (1967), however, observed that 
Sil-xGex solid solutions with x as small as 0,05 did not etch in an ethylenediamine- 
pyrocatec hoi- water (EPW) solution. This discrepancy may be attributed to the use of 
{ 1 1 1 } wafers, where accurate measurements are difficult because etching in the <1 1 1> 

3 0 direction is very slow. No other information has been reported on germanium-rich 

alloys m anisotropic media. 

Corresponding to the ostensible inefTectn snesf oi * rnaninm as an etch-stop 
agent in most publications, there has been little discussion of the source of the limited 
selectivity that has been detected. Seidel et al. cautioned that their model for heavily- 
3 S doped boron etch stops is not applicable to getmaninm because fee element is 
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isoelectronic to silicon. They assumed instead feat the small reduction of the etch 
rate is either due to changes in the energy band structure, or else a consequence of the 
extremely high concentration of lattice defects such as misfit dislocations which could 
act as recombination centers, 
5 The invention provides a SiGe monocrystalliue etch-stop material system on a 

monocrystailme silicon substrate. The etch-stop material system can vary in exact 
composition, but is a doped or undoped Si;. x Ge x alloy with x generally between 0.2 and 
0.5. Across its thickness, the etch-stop material itself is uniform hi composition. The etch 
stop is used for micromachining by aqueous anisotropic etehants of silicon such as 

10 potassium hydroxide, sodium hydroxide, lithium hydroxide, ethylenediainine/ 
pyrocatechoi / pyrazme (EDP), TMAII, and hydrazine. For example, a cantilever can be 
made of this etch-stop material system, then released from its substrate and surrounding 
material, i.e., "micromachined", by exposure to one of these etehants. These solutions 
generally etch any silicon containing less than 7x1 0 19 cm' 3 of boron or undoped Sij. s Ge x 

1 5 alloys with x less than approximately 1 8. 

Thus, it has been determined thai alloying silicon with moderate concentrations 
of germanium leads to excellent etch selectivity, i.e., differences in etch rate versus 
pure undoped silicon. This is attributed to the change in energy band structure by the 
addition of germanium. Furthermore, the nondegeneratc doping in the Si^Ge* alloy 

2 0 should not affect the etch-stop behavior. 

The etch-stop of the invention includes the use of a graded-composition buffer 
between the silicon substrate and the SiGe etch-stop material. Nominally, the buffer 
has a linearly-changing composition with respect to thickness, from pure silicon at the 
substrate/ buffer interface to a composition of germanium, and dopant if also present, at 

2 5 fee buffer/ etch-stop interface which can still be etched at an appreciable rate. Here, 

there is a strategic jump in germanium and concentration from the buffer side of the 
interface to the etch-stop material, such that the etch-stop layer is considerably more 
resistant to the etchant. For example, the buffer could grade up to Sio.ssGeo.is, then 
jump to a uniform etch-stop layer of SiotfGe^ Nominally, the composition gradient in 

3 0 the buffer is 5-10% Ge/micron, and the jump in Ge concentration is 5-15 relative 

atomic percent Ge. The buffer and etch-stop materials are deposited epitaxiaily on a 
standard silicon substrate, such as by chemical vapor deposition (CVD) or molecular 
beam epitaxy (MBE). Note in the above exa pie tha k *e tamum concentration 
leads to etch stop behavior, and therefore doping concentrations in the etch stop can be 
3 5 varied independently, without affecting etch selectivity. 
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With respect to the effect of eiystahrae defects oh the etch-stop 

behavior, in accordance with the invention using Sit-sOe* alloys, the influence of 
defects is minimal. The use of a graded buffer suppresses the threading dislocation 
density (TDD) in the top etch-stop layer, which leads to a uniform, neatly defect-free 
5 Sii-xGex etch stop. 

The significance of the jump in concentration^) at the end of the graded region is 
that the part must be well defined and dimensions well controlled. Thus, a high select ,>o 
should exist between the top etch-stop layer and (he end of the graded region for abrupt, 
predictable etch-stop behavior. A smooth compositional transition from buffer to etch-stop 
1 0 layer would lead to curved edges and greater dimensional variability in the micromachined 
part, whereas compos i i i o n al j mops wo uld y i eld clean, sharp edges and precise dim do o 
in the released structure. However, if the jump is too large, e.g., greater than -20-25 
atomic% Ge, the corresponding change in lattice constant, i.e., the lattice mismatch, would 



The Sii- x Ge x etch-stop material system, which can be substituted for heavily 
boron-diffused layers, broadens the spectrum of available etch-stop materials, including 
imdoped (isoelectronic) materials, thus improving the design flexibility for 
micromachined structures. For example, standard niicromacliining processes limit the 
dimensions of silicon sensor structures to a single uniform thickness. Resonant devices 
for inertia! sensing would benefit considerably from more flexible i •: i in which the 
resonators are thinner than the seismic mass. The invention provides an enabling 
technology for such a multi-thickness structure. Such a fundamental advantage makes 
tire novel technology widely applicable to the fabrication of MEMS by silicon 
micromachhiing. 

A tremendously significant application is the ability to integrate mechanical and 
electronic devices on the same material Replacement of the hea vily boron-doped etch 
stop, which is incompatible with integrated circuit (IC) requirements, by isoelectronic 
and/or moderately-doped etch stops of device quality allows concurrent processing of 
mechanical devices and associated electronics on the same wafer. Germanium is 
perfectl iscibl silicon and diflu mch idUy than dopants and impurities. 
Alloying with germanium also affords higher carrier mobilities to the electronic 
devices. 

Furthermore, epitaxy of Sii- x Ge x alloys is selective with respective to silicon 
oxide, which facilitates patterning and strueturmg. In addition, defects do not seem to 
affect the etch-stop efficacy of these materials. 
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la developing the germanium-based etch stops of the invention, standard 3" or 
4" phosphorous-doped (2-4 Qcm) or boron-doped (7-10.2 Qcm) (001) silicon substrates 
were used. The waters were cleaned for 10 minutes in a piranha bath (3: 1 95% H2SO4 in 
water: 30% H2O2 in water) and 10 seconds in 4.4% HF and DI water. The substrates were 

5 then left in the load lock HO' 8 Torr) of the vertical UHVCVD reactor overnight. On the 
following day, the substrates were raised to the lip of the reactor chamber for about two 
hours to drive off any volatile*, organics. and water. Then the wafers were desorbed of 
whatever oxide remained by raisin 1 1 etor chamber for several 

minutes. A silicon buffer layer on tire order of 1 urn was deposited with S1H4 while the 

1 0 reactor was brought to process temperature. Following this preparation procedure each 
time, the epitaxial structure* were grown in the temperature range 750-900°C using SffiL^ 
GeH4, 1% B2B6 ia H2, and 1% PH3 in H2. 

KOH and EDP were used in the etching. KOH is a commonly studied etchant , 
the simplest and easiest to consider, and relatively easy and safe to use. Although 

15 details of absolute etch rate differ, various anisotropic silicon etchants have behaved 
consistently. Seidel et al's well-subscribed theory of anisotropic etching is explicitly 
©tenant-nonspecific. Results, discussions, and conclusions regarding anisotropic 
etching and etch-stopping of silicon are widely considered to be valid for any 
anisotropic etchant. Cylindrical etching and patterned oxide masks were both used to 

2 0 determine the efficacy of Ge concentration on etch rate. 

To test the utility of the relaxed epitaxial SiGe etch stops, epitaxial structures 
were fabricated; WU2, WUJ, WU4, and OHVJ7 as shown in FIGs. 1A-1D. FIG. 
1 A is a functional block diagram of an epitaxial SiGe etch stop structure 100 (WU2) 
configured on a silicon substrate 102. The structure includes a plurality of relaxed 
25 graded layers 104 that vary from Si a o S Ge<;, < 32} 5x1 O^cm" 3 B at the substrate surface, to 
the top surface layer of Sio.74Geo.26, 10 I8 cm" 3 P. The thickness of each layer are 
provided in um. 

FIG. IB is a functional block diagram of an epitaxial SiGe etch stop structure 
1 10 (WU_3) configured on a silicon substrate .1 1 2, The structure includes a plurality of 

3 0 relaxed graded layers 1 14 that vary from Sia»G^.oi at the substrate surface,, to the top 

sui lace la 

FIG, ICisa functional block diagram of an epitaxial SiGe etch stop structure 
120 (WU4) configured on a silicon substrate 122. The structure includes a relaxed 
graded layer 124 of Si 0 .«,Geo.34. 
3 5 FIG. ID is a functional block diagram of an. epitaxial SiGe etch stop structure 
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1 30 (WU_4) configured on a silicon substrate 132, The structure includes a 

plurality of relaxed graded layers 134 that vary from Si6.97Geo.03, 3x1 O'W B at the 
substrate surface, to the top surface layer of SkeeGea.^, 4xlO l6 cm 3 B. 

The compositional grading is known to considerably relax the superficial epitaxial 
5 layer while effectively suppressing the TDD. The slow grading rate and generous 
thickness of these epistractures assure a well-relaxed top film. Thus, the graded buffer 
enables etching experiments on relaxed, high quality, high germanium content alloys, an 
ching regh it has never been accessible before. As discussed heretofore, prior 
research dealt with pseudomorphic Si l-xGe x layers or low concentrations of gemianium to 
1 0 mmiinhto dislocations, or heavy germanium alloys saturated with threading dislocations. 
Hence, the grading technique permits one to use the intrinsic etch-stop properties of Si}. 
x Ge x solid solutions. 

Based on the approximate volume of a cross-sectional TEM sample, a single 
threading dislocation in a TEM sample represents a TDD of about 10 s cm' 2 . FIG. 2 is a 
15 cross-sectional TEM micrograph of structure 1 10 (WUJ5). Tire top surface is in the 
!> < \ v * H 0 'uk (mis.) li I > i ) <. ne the > } u i. 
No threading dislocations can be found, which cocfirais high crystalline quality. The 
blurred vertical bands are "bend contours", an artifact of TEM, not threading 
dislocations. 

2 0 The absence of threading dislocations in FIG. 2 confirms that structures 1 1 0 

(WU_2), 120 (WU_3), and 130 (UHVJ7), which were processed in virtually identical 
fashion, contain very few defects. TDDs in such relaxed, graded structures have been 
shown to be hi the range of 10 5 -10 6 cm- 2 . By omitting the graded buffer, structure 120 
(WU_4) was intentionally processed to be significantly imperfect, as verified by FIG. 

2 5 3. FIG. 3 is a cross-sectional TEM micrograph of structure 120 (WU_4). The top 

surface is to the right In contrast to FIG. 2, this film is saturated with threading 
dislocations, which confirms poor crystalline quality. The misfit dislocations in all four 
of these samples are buried under such a thick overlay er that they cannot po , ,t< ct 
etching from the top surface. 

3 0 Dopant concentrations of structures 100 (WU_2) and 130 (UHV 17) aire shown 

in the graphs of FIGs, 4 and 5 respectively. The dopant concentrations were calculated 
from the mobilities of pure silicon and pure germanium, as indicated. Since structure 
130 (UHV_ 17} com. ns !0% germanium, the true boron content lies somewhere in 
between, closer to the pure silicon line. Regardless, it is clear that the boron doping 
3 5 does not approach the levels needed for etch stopping, Structure 1 30 was doped p~type 



wo ©J/99169 terwmtmu 

13 

to investigate potential interactions or synergies with germanium that were 
suppressed in structure 100 by intentional background n-dopmg, 

The characteristics of these materials (top layer) that are relevant to etching are 
summarized in the following table. 

sample avg % Ge (BDX) dopi ng [cm' 3 ] defect den sity (IBM) 

WUJ2 26 lFP (SIMS) Low 

WU3 17 None Low 

WUJJ 34 None High 

UHVJ7 30 4xlO i€ B(SRP) Low 

5 

Structure 100 (WU_2) was used to identify the critical germanium 
concentration by cylindrical!}' etching and to obtain etch rate values by etching from 
the top surface. 

The cylindrical etch results of structure 100 fWU_2), as shown in the graph of 

10 FIG. 6 A, confirm the etch-stop behavior of germanium and narrowed the threshold 
germanium concentration to the range of 16-22%. It was ensured that there were no 
effects from, boron by doping the film n-type. The terraces on the left of the graph, 
defined by the round dots, represent the layers in the spistructure. The left scale 
reflects the depth of each layer while the right scale relates the .nominal germanium 

15 concentration of each layer. The arc is the initial groove surface, and the square dots 
trace the etched surface, 

FIG. 6B is a magnification of the left side of FIG. 6A. It is clear that the etch 
rate increases dramatically somewhere around 1 8-20% germanium, suggesting that fee 
critical germanium concentration is in mat vicinity. 

20 The cylindrical etch results of structure 130 (UHVJ7), as shown in the graph 

of FIG. 7, show the etch accelerating dramatically around 4.8-5 urn depth. The 5% 
Ge/um grading rate reasonably assures that the threshold germanium concentration is 
near 20% germanium. The profiles of each side of the groove are shown, The lower 
bar marls where the profile begins to deviate from the initial grooved shape. The depth 

2 5 of this point appears to he 4,8-5,0 pan below the top surface, 

The results of the etch rate tests using oxide windows are presented in the 
following table. 



_wafo at% Ge concentration Gej£HilL-_-J!^ 

WU 2 25.6 .1.28x10™ * OOTO 

WUJ 16.9 8.45xlG 2S 0,234 

WU 4 34.0 UOxlO 22 0,040 

UHV 17 30.0 LSOxiO 22 0.133 
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The etch rate for <1GG> intrinsic silicon, in 34% KOH at 60°C was taken as 
1 8,29 pm/hr from Seidel et aL The experimental data for structures 1 00 (WU 2), 1 10 
(WU.3), 120 (WU 4), and 130 (UHV.17) are shown in the table. Normalized by 
18.29 um/hr, they are plotted in the graph of FIG. 8 along with Seidel et ai's points, 
5 Some features in F 10. 8 should be emphasized. First, there was appreciably 

greater variability, both up and down, in the individual etch rates of "good" structure 
120 (WU_4) pieces than of the other good samples, hence the error bar, A comparison 
of all the data supports the belief that the considerable surface roughness of structure 
120 (WU.4), from latdee-mismatch stress and the high TDD, is probably to blame. 

1 0 Thus, the graded layer has already proven its efficacy since the graded layer samples 
did not display this problem. 

The shape of the new curve very closely resembles that of EDP-boron curve, 
adding confidence in the new data as well as implying the existence of a universal eicfa- 
stop model. In addition, KOH, a more environmentally friendly etch stop than EDP, 

1 5 appears to be a better etch stop with Side alloy than EDP with the conventional p-H- 
etch stop. 

Despite the popular- sentiment in the literature, it is indisputable that siHcon- 
gennanium alloys with sufficient germanium are exceptional etch stops that rival the 
most heavily boron-doped materials. Three different etching techniques and two 
2 0 etchant systems, KOH and EDP, conclusively show this. The intersection of the steep 
portion of the KOH-germaniom curve with unity relative etch rate, the so-called 
"critical concentration" as defined by Seidel et ai, appears to be 2x10 s1 cnr 5 , i.e., 4%, 
for germanium. Although this value is about 100 times greater than their "critical 
concentration" for boron, higher seleetivities can theoretically be attained with 

2 5 germanium because there are neither solid solubility nor electrical activity limits. 

The substantial seleetivities obtained from the well-relaxed, low-defect sample 
structures 100 (WU2), 110 (WU_3), and 130 (UHVJ.7) indicate that strain, induced 
by defects or dissimilar atomic radii, is not principally responsible for etch-stop 
behavior. 

3 o Defects do not play a central role in etch resistance. The excellent results from 

WU 2, WU_3, and UHVJ7, relaxed materials with low TDDs, controvert the 
speculation that lattice defects serving as recombination centers cause the etch stop 
behavior with germanium or isoelectrouic < veb Furthermore, a 

comparison of the etch rate of structure 120 (WU_4) to the KOH- germauiumtrendline 
3 5 indicates that even a high TDD does not infiiienee etch stopping dramatically (if at all), 
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nor in a predictable fashion. 

The iraaiediately attractive explanation for germanium's newfound etch-stop 
potency in silicon is the mechanism outlined by R. Leaneu, Sensors and Actuators, A 
48-4? (1 995) 35-37 , incorporated herein by reference . For 1 5-30% germanium, it 
S seems more logical to interpolate from the bulk properties of pure germanium man to 
postulate only bow germanium influences the properties of otherwise pare silicon. 
That is, one should give the germanium atom just as much credit as the silicon atom, 
since it is no longer a dopant, but rather an alloying species in the truest sense. Thus, 
the silicon-germanium alloys in question should show a palpable influence from the 

10 etching characteristics of pure germanium, which include a slow rate in KOH. 

Keeping this simple chemistry approach in mind, a completely miscible binary 
system like silicon-germanium would display a linear dependence of etch rate versus alloy 
composition. Even without etch rate data at high germanium concentrations, including 
pure gemiamurm FIG. 8 plainly illustrates that such is not the case. Along the same lines, 

1 5 it is unclear why there would he some critical concentration of germanium for an etch-stop 
effect if the etch rate is simply a consequence of chemical structure, i.e., the proportion of 
each element. In fact, a nonlinear plot and a critical concentration imply that the etch rate 
is a function of energy band structure rather than chemical structure. 

On a related note, FIG, S shows that the germanium-KOH curve is remarkably 

2 0 similar in shape, but not necessarily slope, to the boron-EDP curve, which ascribes its 
shape to the electronic etch-stop theory, it is difficult to imagine that the germanium- 
KOH data would just happen to resemble the boron-EDP data, based on a completely 
different model that warns of no applicability to germanium. That is, it is highly 
improbable that the true etch-stop mechanism for germanium is entirely unrelated to the 

2 5 true mechanism for boron when the shapes agree so well. 

There are reasons to consider an energy hand model to account for the etch-stop 
behavior in silicon-germanium solid solutions, First, the Si|~xGe x data resemble the 
p+4- gi;B data, including the critical concentration and power-law dependence of the 
remnant etch rate, and the p++ Si:B data is explained well by energy band effects. At 

3 0 these quantities, germanium is known to markedly change die band structure of silicon. 

Furthermore, two possible mechanisms for the etch stop effect of germanium were 
defects and energy bands. Defect enhanced recombination can be eliminated due to our 
graded layer approach. Energy band structure is the only other possibi lity. 
Pure bulk germanium has an energy bandgap, E g , of 0.66 eV at room 
3 5 temperature, compared to i . l2cV for pure bulk silicon. Hence, the addition of 
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germaniiim to silicon reduces the 



bandgap; unstrained SiQjGeQ.3, the 



situation for samples WU_2, WU„3, WU_4, and UHV...17, has an energy gap of 
approximately IM eV. Germanium also has a smaller electron affinity, %, than silicon, 
4.00eY versus 4.05eV, Thus, &e incorporation of germanium decreases the electros 
5 affinity as well As germanium is added, the shrinking bandgap and electron affinity 
reduce the band-bending, the potential well in the conduction band, and the potential 
barrier in the valence band. 



1 0 for a generic intrinsic semiconductor, where d is the distance of the Fermi level from E=0, 
the reference vacuum level It is understood that the bandgap of Si } - x Gex does not change 
perfectly linearly with germanium concentration, but it is not known how electron affinity 
decreases with im reasi tg nnanium content. Nevertheless, if the two functions are 
approximated as linear, then b is also roughly linearly dependent on germanium 

15 concentration. 

Adding germanium to intiinsic silicon also increases the amount, of equilibrium 
electrons and holes, n{ and pi, respectively, via the decreasing bandgap: 



where Nc and Ny are the effective density of states in the conduction and valence 
20 bands, respectively, k is Boltzmatm's constant, and T is temperature. To simplify the 
description, N c and N v will be assumed to be constant and equal to the values for pure 
silicon. Again, if Eg's dependence on germanium concentration is considered linear, 
then pi is exponentially related to germanium concentration. 



25 is assumed that the well/barrier is not sharp enough to allow tunneling. This is 

especially true for Sii-xGex, with the shallower barrier. Further* o , the inversion 
layer at the surface is n-type. Then the supply of holes to the passivation reaction is h, 
the amount of holes from the bulk that overcome the potential harrier thermally. Thus, 
h is a Boltzmann activated process: 

30 /i~Piexp(-M7) [3] 



The height of the potential harrier in the valence band, b, is given by; 



m 




The increased pi increases the passivation reaction. For the intrinsic situation, it 



Since pi is exponentially dependent on gennaniurn content while b is linearly 
related, h is overall exponentially related to germanium concentration. This can easily 
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be se ;n by s tbstituting expressions [1] 



and [2] into [3], yielding: 




where Eg and % are linearly dependent on germanium content. If a critical hole 
concentration exists for interrupting the eteh process, then a critical germanium 
5 concentration will be observed. 

The potential barrier in the valence band increases as the Fermi level moves 
closer to the valence band, but the hole concentration is significantly increased by p- 
dopiug. In fact, the two effects exactly offset each other. In the extrinsic case, the 
equilibrium bole concentration, p, is defined as: 



Eg/2-% ivS precisely the change in b when the material is doped. Then, when expression 
[5] is substituted for pi in equation [31 E 8 /2-Ef exactly cancels the change in b in 
expression [3], Thus, with nondegenerate doping, the value of h never changes flora: 



15 where b; is the height of the barrier in the intrinsic material. Thus, a great advantage of 
the SiGe etch stop is that the etch selectivity depends only on Ge concentration. 

Test structures of structure 110 (WU, 3), completely undoped material, were 
fabricated and probed. The structure 1 10 (WU_3) did not provide the 'hardest' etch 
stop available with SiGe alloys because the germanium concentration (15-17%) was 

2 0 near the concentration when etch stop selectivity starts to decrease. The results were 
very promising as shown in FIG, 9, FIG. 9 is a photograph of a top view of a 
micromachined proof mass 900. Even at these low Ge concentrations, etched parts like 
the proof mass in FIG, 9 are possible. Higher Ge concentrations in the uniform layer ( 
30%) result in extremely hard etch stops, with seleetivities approaching 1000:1, 

2 5 It is apparent from cylindrical and top surface etching with. EDP and KOH and 

actual structures micromachined in. EDP that relaxed silicon-germanium alloys with 
' i ent germanium axe exceptional etch stops. Seleetivities as high as 1000, 

corresponding to 34% germanium, have been obtained in KOH for the <10O direction. 
Neither strain nor defects are responsible for these results. High defect density does 

3 0 not influence the eteh rate of Sh. x Ge x dramatieally, A plot of relative etch rate versus 



10 



p ~ n i exp 




[5] 




[6] 
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germanium concentration follows the same shape as p-H- Si:B data, tacltidmg a 
critical concentration and a power-law dependence of the remnant rate. The etch stop 
behavior in relaxed SiGe alloys is correlated to changes in baud structure, which are 
solely connected to Ge concentration. 
5 The extremely high etch selectivities achieved with the SiGe etch stop material 

system of the invention have immediate applications in forming semiconductor/oxide 
structures. One method of forming silicon on insulator is to bond a Si wafer to another 
Si wafer that is coated with silicon dioxide. If one of the wafers is thinned, then a thin 
layer of Si on silicon dioxide/Si is created. Such structures are useful in low power 

1 0 electronics and high speed electronics since the Si active layer is isolated from a bulk Si 
substrate via the silicon dioxide layer. 

The main disadvantage of this process is the difficulty in thinning one side of 
the silicon substrate-silicon dioxide-silicon substrate sandwich. In order to have high 
reproducibility and high yield, the entire wafer must be thinned uniformly and very 

IS accurately. Buried etch stops have been used with little success. Even buried, thin 

layers of strained SiGe have been used, but as mentioned earlier these etch demonstrate 
etch select! vities «100, and therefore are not sufficient, 

The relaxed SiGe alloys of the invention are ideally suited for this type of etch 
stop. By bonding a structure 1000 of a graded SiGe layer 1004 and a uniform 

2 0 composition layer 1 006 on a silicon wafer 1002 to a structure 1 008 having a silicon 
wafer 1010 coated with silicon dioxide 1012, the etch-stop of the invention can be used 
to create a very uniform relaxed SiGe alloy on silicon dioxide, which in turn is on a 
silicon wafer. This process is shown schematically in FIG. 1.0. 

Once the structures are bonded through, for example, annealing, the silicon 

2 5 substrate 1002 and graded layer 1004 are selectively etched away. The finished 

structure 1 01 4 is a SiGe-on-insuSator substrate. It will be appreciated that the structure 
1008 can also be a bulk insulating material, such as glass or a glass ceramic, 

An entire new materials system from which to make highly effective etch stops 
has been developed. The new system offers many advantages over current 

3 0 technologies. Germanium is isoelectronic to and perfectly soluble in silicon, and hardly 

diffuses in it. The deposition of silicon-germanium is selective with respect to oxide. 
Defects do not weaken the eteh-stop efficacy. The etch-stop material can be 
completely undoped, and according to the proposed band structure model, 
nondegeaerate doping does not influence the etch-stop behavior. This affords 
3 5 incredible utility and design flexibility, especially to integration with microelectronics. 
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To this end, gemianium would even afford higher carrier mobilities, 

la fact, this etch stop system can. easily he used to integrate various strained Si 
electronics on relaxed SiGe on any desired substrate (eg, insulating or semiconductor 
substrates), where one such system is SiGe on insulator (SiGeOI) . More details of this 
5 procedure are provided in the following description. 

The main approaches for the fabiication of semiconductors on insulator are 
separatlon-by-implanted-oxygen (SIMOX) and wafer bonding (followed by etch-back or 
Smart-Cat). SIMOX involves implantation by oxygen followed by a high temperature 
anneal, and hence is attracti ve due to its apparent simplicity. This technique has shown 

10 some success for low Ge compositions, but for higher Ge fractions, in particular for 
Sio,5G% 5: , the buried oxide structure was not demonstrated, due to the thermodynamic 
instability of Sit. x Ge x 02. Simply stated, Ge is not incorporated into the oxide, due to the 
volatile nature of Ge0 2j and therefore for high Ge fractions, there ar e insufficient Si atoms 
to form a stable oxide. On the other hand, the bonding technique, which involves the 

1 5 bonding of a SiGe wafer to an oxidized handle wafer followed by the removal of excess 
material, can be applied to any Ge taction, without the problem of an unstable oxide. In 
addition, the procedure is general, one can create SiGe on any desired substrate, including 
any insulating wafer. 

The process flow for the bond/etch-back SiGeOI fabrication technique is shown 

2 0 schematically in FIGs. 1 1 A-l IP. The process is (separated into growth: (a) UHVCVD 
growth of relaxed SiGe graded buffer followed by CMP, (b) re-growth of strained Si 
(s-Si) and SiGe bonding layer, and bond/etch-back steps: (c) wafer bonding to 
insulating substrate, (d) backside grinding, (e) Si etch stopping in the graded layer, (i) 
SiGe etch stopping on the strained Si. 

2 5 During the first growth, a relaxed 2.5 urn compositkmally graded SiGe buffer 

1102, capped with 2 pm of Sio.75Geo.2s was deposited onto a Si substrate 1100 at 900°C 
using a UHVCVD reactor. The graded buffer minimizes threading dislocations and 
ensures that misfit are only present in the graded layers and not in the uniform 
composition cap, but these underlying misfits still generate strain fields which cause the 

3 0 formation of surface cross-hatch during growth. To eliminate this surface roughness, 

which would hinder wafer bonding, the wafer was polished (using chemical- 
mechanical polishing, CMP) until the cross-hatch, was no longer visible using 
Nomarsky microscopy. 

Next a strained Si structure 1 104, consisting of 12 am of strained Si, followed 
35 by a layer 1 106 of 150 nra of StasGeaa, was grown at 650°C via UHVCVD onto the 



PCTYUS01/19613 

20 

polished SiGe wafers. The tow growth temperature ensures minimal surface 
exchange and inter-diffusion, and hence guarantees a sharp interface between the Si 
and SiGe layers. The strained Si layer acts as an etch stop during the final etch step, 
and depending on the thickness requirement and surface roughness constraint for the 
5 strained Si channel, may possibly also be used as a MOSFET device channel. 

The SiGe wafer was then bonded to a thermally oxidized Si wafer 1 108, with an 
oxide layer 1 1 10 thickness of 200 nm, To ensure adequate bonding, a hydrophobic pre- 
bonding clean was performed on the wafers. The standard RCA clean cannot be employed 
for this purpose since the SCI bath etches Ge and hence roughens the SiGe surface. 

10 Instead, a piranha clean (10 minutes) followed by a 50:1 HF dip (30 seconds) was used, 
tfucb h ives he surface hydrophobic. Such a clean was found to 'lead to stronger bonding 
than hydrophilic cleans, after subsequent annealing at moderate temperatures. In addition, 
the wafers must also be bonded in an ultra-clean environment to ensure no intrinsic voids 
(as shown in the IR image in FIG. I2A) due to particles at the wafer interfaces. 

3.5 The wafer pair was annealed for 2 hours at SO0°C in a nitrogen ambient. The 

moderate temperature ensures strong bonding, but is low enough to minimize the 
diffusion of Ge into the strained Si layer. In addition, the 2 hour anneal at this 
temperature- allows the intrinsic hydrogen voids formed during initial annealing to 
diffuse. The resulting pair was found to be void free using infrared imaging, and the 

2 0 fracture surface energy deduced with the Maszara razor test technique (FIG, 13B) was 
3,7 J/nr (which is similar to the surface fracture energy found for Si to oxide bonding), 
demonstrating that the bonding is indeed strong enough to undergo farther material 
processing, without the risk of delamination. 

After bonding the wafers, the pair was coated with nitride to protect the 

2 5 backside of the handle wafer during etching. The backside of the SiGe wafer was then 

ground as at 1 1 1 2, removing approximately 450 um, and a first etch as at 1 1 14 was 
performed on the wafers to remove the remaining Si from the SiGe wafers. Any etch 
which attacks Si and not SiGe can be used (eg, KOH, TMAH). For example, a KOH 
mixture (30% KOH by weight in water) at S0°C ? with an etching time of 2 hours can be 

3 0 employed to remove the backside Si from the SiGe wafer, KOH etches do not 

significantly attack relaxed Sii^Ge* with Ge compositions of roughly 20% or higher, 
and hence stop near the top of the grade in our buffers. Note here that unlike pure Si, 
or strained SiGe based structures the relaxed Si< <- ' mat ud etch stop,, 
thus alleviating the need for a p* 4 " stop layer. This flexibility of doping as an 
3 5 independent variable with respect to etch-stop capability is important in designing 
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device layers for different applications. For example, p*~ layers are not desired in 
RF applications. 

The next etch 1116 was employed to remove the remaining SiGe, and stop on 
the strained Si layer 1 104. The active ingredient of this etch consists of any Ge 
5 oxidizing agent (eg, H 2 0 2s HNO3, low temperature wet oxidation), combined with an 
oxide stripping agent (eg, HF). For example, alow temperature (650°C-750 °C) wet 
oxidation has been found to oxidize SiGe at much faster rates than Si, as shown in FIG. 
13; for a 1 hour oxidation at 700*0, Sio.75Geo.2s oxidizes at a rate of 2.5 am/min, 
whereas Si has an oxidation rate of roughly 100 times smaller. In combination with a 

1 0 subsequent HF dip, the above oxidation can be used to remove very thin layers of SiGe, 
while stopping on Si. 

A chemical alternative to the above, is a solution of HFiHzQ^CHjCOOH (1 :2;3), 
with an etch time of approximately 30 minutes (in the case when the Si etch stops near the 
20% Ge region). This has been shown to etch SiGe preferentially, with a very high 

15 selectivity; in particular, for relaxed Sio.75Gee.2s versus Si, the selectivity is roughly 300, 
For demonstration purposes, a test sample consisting of 400 nm relaxed Sio.75Geo.2s on 12 
nm strained Si was partially masked and the etch depth versus time was measured using a 
profiiometer. The results in FIG, 14 clearly show the high selectivity, in addition to the 
relatively fast etch rate of the Sio.75Geo.25 surface layer. An important observation is that 

2 0 the solution was found to etch dislocation threads on the strained Si stop layer 
preferentially, causing pitting, which in turn lead to breeches in the strained Si layer when 
the etch time was prolonged. 

FIG, 15 shows a TBM cross-sectional image of the SiGeOI structure fabricated 
using the proposed technique. No structural defects, such as threading dislocations, 

2 5 were observed in the cross-sectional TEM of the SiGe lay er, A low density of threads 
in fee 10 5 cm" 2 range was confirmed viaEPD (etch pit density) of both the as-grown 
and bonded SiGe, which proves that there is no substantial increase in threading 
dislocations due to the proposed process. This is in contrast to SIMOX, which can 
possibly introduce many additional defects depending on the material system being 

30 implanted. In particular, the threading dislocation for implanted SiGe of various Ge 
fractions has not yet beeo reported in the Uterature, 

An AFM scan of the strained Si surface after the final etching, is shown in FIG. 
1 6. The rms roughness was found to be roughly 1 .0 nm, with a maximum peak-to- 
valley difference of 6,4 nm. This demonstrates that although the HFiHaO^CHjCOOH 

3 S (1:2:3) SiGe etch, has a good selectivity, it leaves the strained Si layer moderately 
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rough. Hence, when using this etch, the Si etch stop layer might not be smooth 
enough to double as a device channel, since the surface toughness may affect device 
performance. If this is so, the easiest and most general approach simply requires the 
removal of the Si etch stop layer with KOH, or any another Si etch that is selective to 
S the Ge composition being used The desired device structure can then be grown onto 
the SiGeGi substrate, including a shamed Si surface channel or any other more 
elaborate structure. 

An alternative approach, especially in the case of buried channel devices, would 
involve the incorporation of the device channel layers into the bonding structure. 
1 0 Either avenue is easily attainable using our flexible bondmg/etch-back process. Using 
this general approach, the benefits of an insulating substrate (or for that matter, any 
substrate) can easily be applied to any SiGe device, without any constraints on SiGe 
thickness, Ge composition or insulating layer thickness or type. 

Although the present invention has been shown and described with respect to 
IS several preferred embodiments thereof, various changes, omissions and additions to the 
form and detail thereof, may be made therein, without departing from the spirit and scope 
of the invention. 

What is claimed is: 
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CLAIMS J 

1 l, A monocrystailme etch-stop layer system for use on a raonocrystalline Si 

2 substrate; said system comprising a substantially relaxed graded layer of Si^Ge*, and 

3 uniform etch-stop layer of sub i 1 ) a d Si] % Ue v . 

1 2. The system of clam 1, wherein x<0.20. , 

1 3. The system of claim 1, wherein y>0,19. 

1 4. The system of claim I, wherein x<0„20 and y>0. 19. 

1 5. The system of claim 1, wherein said Sij.yGey layer is bonded to a second 

2 substrate. 

I 6. The system of claim 5, wherein said second substrate comprises Si. 

1 7, The system of claim 5, wherein said second substrate comprises glass. 

1 8, The system of claim 5, wherein said second substrate comprises quartz. 

1 9, The system of claim 5, wherein said second substrate comprises a layer of 

2 SiO-> on a second Si substrate. 

1 10. The system of claim 5, wherein the first Si substrate and graded layer are 

2 substantially removed, 

1 11. The system of claim 6, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 12. The system of claim 7, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 13, The system of claim 8, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 14. The system of claim 9, wherein the first Si substrate and graded layer are 

2 substantially removed. 



wo nmim 



P€T/US0i/X%13 



24 

1 15. The system of claim 1, wherein a Si0 2 layer is deposited onto said Sii. y Ge y 

2 layer. 

1 16. The system of claim 15, wherein said Si0 2 layer is bonded to a second 

2 substrate. 

1 t ?. The system of claim 1 6, wherein said second substrate comprises a layer of 

2 SiQs on a. second Si substrate. 

1 IS- The system of claim i 6, wherein said second substrate comprises a layer of 

2 SiOi on a glass substrate. 

1 19. The system of claim 16, wherein said second substrate comprises a layer of 

2 Si0 2 on a quartz substrate. 

1 20. The system of claim 16, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 23 . The system of claim 17. wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 22. The system of claim 1 8, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 23. The system of claim 19, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 24. The system of claim 10, wherein the surface is pianarized. 

1 25 . The system of claim 1 1 , wherein die surface is planarized. 

1 26. The system of claim 12, wherein the surface is planarized. 

% 27. The system of claim 1 3, wherein the surface is planarized, 

1 28. The system of claim 14, wherein the surface is planarized. 

1 29. The system of claim 20, wherein the surface is planarized. 
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1 30. The system of claim 21, wherein the surface is pianarized. 

1 31. The system of claim 22, wherein the surface is pianarized. 

1 32. The system of claim 23, wherein the surface is pianarized. 

1 33. A monocrystahine etch-stop layer system for use on a monoerystalline Si 

2 substrate, said system comprising a substantially relaxed graded layer of Si^Ge*; a 

3 uniform etch-stop layer of substantially relaxed Sij.yGey; and a strained Si^Ge^ layer. 

1 34. The system of claim 33, wherein z<y\ 

1 35. The system of claim 33, wherein y>0JS. 

1 36. The system of clahn 33, wherein y>0T8 and z<y. 

1 37. The system of claim 33, wherein y>0.1§ and z«0. 

1 38. The system of claim 33, wherein said Si 3 .jGe s is bonded to a second 

2 substrate. 

1 39. The system of claim 38, wherein said second substrate comprises Si. 

1 40. The system of claim 38, wherein said second substrate comprises glass. 

1 41. The system of claim 38, wherein said second substrate comprises quartz. 

1 42. The system of claim 38, wherein said second substrate comprises a layer of 

2 SiOt on a second Si substrate. 

1 43, The system of claim 38, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 44. The system of claim 39, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 45 , The system of claim 40, wherein the first Si substrate and graded layer are 

2 substantially removed. 
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1 46. The system of claim 41 , wherein the first Si. substrate and graded 

2 layer are substantially removed, 

1 47. The system of claim 42, wherein the first Si subsuate and graded layer are 

2 substantially removed. 

1 48. The structure in claim 33 in which a SiOj layer is deposited onto said Si). 

2 jGe^ layer. 

1 49. The system of claim 48, wherein said SiOj layer is bonded to a second 

2 substrate. 

1 SO. The system of claim 49, wherein the second substrate comprises a layer of 

2 Si0 2 on a second Si substrate. 

1 51. The system of claim 49, wherein the second substrate comprises a layer of 

2 Si<h on a glass substrate. 

1 52. The system of claim 49, wherein the second substrate comprises a layer of 

2 SI02 on a quarts: substrate. 

1 53. The system of claim 49, wherein the first Si substrate and graded layer are 

2 substantially removed. 

X S4. The system of claim 50, wherein the Erst Si substrate and graded layer are 

2 substantially removed. 

1 55. The system of claim 51, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 56. The system of claim 52, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 57. A rnonocrystalluie etch-stop layer system for use on a moriocrystallme Si 

2 substra^' mpming a substantial^ laxc - • ia .or of Sij. <Ge.,; a uniform etch- 

3 stop layer of substantially relaxed Si f .yGey; a second etch-stop layer of strained Sij . 

4 *Ge*; and a substantially relaxed Si). w Ge« layer, 

1 58. The system of claim 57, wherein y-G.O5<w<yH;i.05. 
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1 59. The system of claim 57, wherein ypy. 

1 60. The system of claim 57, wherein said Si t . w Ge w is bonded to a second 

2 substrate. 

1 61 . The system of claim 60, wherein said second substrate comprises Si. 

X 62. The system of claim 60, wherein said second substrate comprises giass. 

i 63. The system of claim 60, wherein said second substrate comprises quartz. 

1 64. The system of claim 60, wherein said second substrate comprises a layer of 

2 SiOj. on a second Si substrate. 

1 65 . The system of claim 60, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 66. The system of claim 61, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 67. The system of claim 62, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 68. The system of claim 63, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 69. The system of claim 64, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 70. The system of claim 57, wherein a Si0 2 layer is deposited onto said Si). 

2 w Ge., layer. 

1 71. The system of claim 70, wherein said SiOj layer is bonded to a second 

2 substrate, 

1 72. The system of claim 70, wherein the second substrate comprises a layer of 

2 SiOj on a second Si substrate. 
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1 73 . The system of claim 70, wherein the second substrate comprises a 

2 layer of SS0 2 on a glass substrate. 

1 74, The system of claim 70, wherein the second substrate comprises a layer of 

2 SiG? on a quartz substrate. 

1 75. The system of claim 70, wherein the first Si substrate aid graded .layer are 

2 substantially removed. 

1 76. Hie system of claim 71, wherein the fust Si substrate and graded layer are 

2 substantially removed. 

1 77. The system of claim 72, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 78. The system of claim 73, wherein die first Si substrate and graded layer are 

2 substantially removed. 

1 79. The system of claim 74, wherein the first Si substrate and graded layer are 

2 substantially removed. 

1 80. A method of integrating a device or layer comprising: 

2 depositing a substantially relaxed graded layer of Sij , x Ge x on a Si substrate; 

3 depositing a uniform etch-stop layer of substantially relaxed SiuGey on said 

4 graded buffer; and 

5 etching portions of said subsUate and said graded buffer in order to release said 

6 etch-stop layer. 

1 81, The method of claim 80, wherein x<0.20. 

1 82. The method of claim 80, wherein y>0. 19. 

1 83. The inethod of claim SO, wherein x<0.20 and y>0. 19. 

1 84. The method of claim 80, wherein the etchant used to release the etch-stop 

2 layer is KOH. 

1 85, The method of claim 80, wherein the etohant used to release the etch-stop 

2 layer is TMAH. 
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1 86. The method of claim 80, wherein the etchant tised to release the 

2 etch-stop layer is EDP. 

1 87. The method of claim 80, wherein the etch-stop is released and the etch-stop 

2 layer is planarized. 

1 88. The method of claim 87, wherein the method of ptanarizatioa is chemicah 

2 mechanical polishing (CMP). 

1 89. A method of integrating a device or layer comprising: 

2 depositing a substantially relaxed graded layer of Si^Ge* on a Si substrate: 

3 depositing a uniform first etch-stop layer of substantially relaxed Sij.yGey on. 

4 said graded buffer; 

5 depositing a second etch-stop layer of strained Si i . 2 Ge ? ; 

6 depositing & substantially relaxed Si ;. w Ge w layer; 

7 etching portions of said substrate and said graded buffer in order to release said 

8 first etch-stop layer; and 

9 etching portions of said residual graded buffer in order to release the second 
L 0 etch-stop Si t-ajGe-i layer. 

1 90. The method of claim 89, wherein the etchant used to release the second 

2 etch-stop layer comprises an oxidant and an oxide stripping agent. 

1 91. The method of claim 90, wherein the oxidant oxidizes Ge much more 

2 rapidly than Si. 

1 92. The method of claim 90, wherein the oxidant comprises H2O2. 

1 93 , The method of claim 90, wherein t he stripping agent comprises HP. 

1 94. The method of claim 90, wherein die oxidant comprises H2O2 and the 

2 stripping agent comprises HF. 

1 95. The method of claim 94, wherein the diluting agent comprises CH3COOH. 

1 96, The method of claim 95, wherein the ratio of chemicals in the etchant are 

.2 (1:2:3) for (HF: H 2 0 2 : CH3COOH). 
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1 97. The method of claim 89, wherein wet oxidation is used to 

2 selectively oxidize the Si\J&* and Si,.,Ge y , thereby acting as an etch-stop with respect 

3 to Sii^Gfis, 

1 98. The method of claim 97 s wherein the wet oxidation temperature is <750 

2 degrees Celsius. 

1 99. The method of claim 97, wherein the oxidized layers are removed fay an HF 

2 and water solution. 

1 100. The method of claim 98, wherein the oxidized layers are removed by an 

2 HF solution. 

1 101, The method of claim 90, wherein the Si ■ . ? Ge., layer is subsequently 

2 removed using a selective etehaat with respect to the Sij. w Ge w layer. 

1 102, The method of claim 91, wherein the Si^Ge* layer is subsequently 

2 removed using a selective etchant with respect to the Sij. w Ge w layer. 

1 103. The method of claim 92, wherein the Sij^Cg layer is subsequently 

2 removed using a selective etchant with respect to the Si^Ge*. layer. 

1 1 04, The method of claim 93, wherein the Si i . ? Ge z layer is subsequently 

2 removed using a selective etchant with respect to the Si^Ge* layer. 

1 105 . The method of claim 94, wherein the Sh -zGe* layer is subsequently 

2 removed using a selective etchant with respect to the Si 5 . w Ge w layer. 

1 106. The method of claim 95, wherein the Sii^Ge* layer is subsequently 

2 removed using a selective etchant with respect to the Siu v Ge w layer, 

1 107. The method of claim 96, wherein the Si^Ges layer is subsequently 

2 removed using a selective etchant with respect to the Si;. w Ge, v layer. 

1 .108. The method of claim 97, wherein the Si^Ge* layer is subsequently 

2 removed using a selective etchant with respect to the Si 5 . w Ge %v layer. 

1 109. The method of claim 98, wherein the Si^Ge* layer is subsequently 

2 removed using a selective etchant with respect to the Sit, w Ge» layer. 

1 1 1 0. The method of claim 99, wherein the SiuGe* layer is subsequently 
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2 removed usktg a selective etchaat with respect to the Si;. w Ge vv . layer. 

1 111. The method of claim 100, wherein the Si^Ge* layer is subsequently 

2 removed using a selective etchant with respect to the Sji.^Ge* layer. 
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t.5?> Abstract: A process for producing 
oiori.XTyssailGe semk-oisdncios- layers. 

it! an exemplary etrslxxiftnem. a steaded 
Si ; .Aie,i> increases front 0 to y) is 
deposited on ;t foot silicone senst-rate, 
followed by deposition of a xbased 
St;.,,Ge,, layer, a thin strained SI ..Gory, 
'.'layer, llydroyott loro. arc tten snttwluoai 
into toe strained S : ,Ge : layer. The obiaxed 
Sh.j.Oej layer is bonded to 3 second 
oxtdbxd substrate. An annealing tfcatutetn 
xof.its ;he bonded r.uif ,-K die st.ra.oted Si 
fayt = sueb tl-.t tin sccowl t. la a.G St, ,< «x, 
layer remains, on tite second substrate In 
•mother exemplary enslxxlirnent. a graded 
Sk.<Oe x is deposited on a first silicon 
subsiraie, where ilir Ge concer.iratiot; x 
is Gereased from 0 to ■ Then a obexed 
GaAs Gyer is deposited on die relaxed die 
bullet V. the isitice ct too tec or GaAs is 
close to fire! of Ge, GaAs itas nigh peal try 
with limited dtsk.«itiontie;'ee!s. Hydtr-vett 
tons are inttoefneeii into siie relaxes) GaA« 
layer at the selected depdi I be reiaxed 
CiaAs iayer is ixsoiled so ii second oxidized 
s t t xe \t a < > eat splits 

the. txwdeii pair at the hytiroget ion 
rich layer, snob diet the upper ponxai «i' 
relaxed OaAs layer rewasns tm the secottd 
sobsttate. 
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PROCESS FOR PRODUCING SEMICONDUCTOR ARTICLE 
USING GRADED EXPITAXIAL GROWTH 



This application claims priority from provisional application Ser. No. 
60/225,666 filed August 1 6, 2000. 



1 0 The present invention relates to a production of a general substrate of relaxed 

Sii. x Ge x -oa-uisulator (SGOI) for various electronics or optoelectronics applications, 
and the production of monocrystaJHne ffl~V or H-VI material~on-insutator substrate. 

Relaxed Si^Ge^-on-insulator (SGOI) is a very promising technology as it 
combines the benefits of two advanced technologies: the conventional SOI technology 

15 and the disruptive SiGe technology. The SOI configuration offers various advantages 
associated with the insulating substrate, namely reduced parasitic capacitances, 
improved isolation, reduced short-chanaeheffect, etc. High mobility strained-Si, 
strained-Si uGe* or strained-Ge MOS devices can be made on SGOI substrates. 
Other itt-V optoelectronic devices can also be integrated into the SGOI 

2 0 substrate by matching the lattice constants of IH-V materials and the relaxed Si^Ge*. 

For example a GaAs layer can be grown on Sij. x Ge x -on-insitlator where x is equal or 
close to i , SGOI may serve as an ultimate platform for high speed, low power 
electronic and optoelectronic applications. 

SGOI has been fabricated by several methods in the prior art. In one method, 

25 the separation by implantation of oxygen (SIMOX) technology is used to produce 
SGOI. High dose ox> gen i tplani was used to bury high concentrations of oxygen in a 
Sit-xGe* layer, which was then converted into a buried oxide (BOX) layer upon 
annealing at 1 . < perature (fur example, 1350 °C), See, for example, Mfeuno etal. 
IEEE Electron Device Letters, Vol. 21, No. 5, pp. 230-232, 2000 and Ishilawa et al. 

30 Applied Physics Letters, Vol. 75, No. 7, pp. 983-985, 1999. One of the main 
drawbacks is the quality of the resulting Si } . s Ge x film and BOX. In addition, Ge 
segregation during high temperature anneal also limits the maximum Ge composition to 
a low value, 

US. Pat. Nos. 5,461,243 and 5,759,898 describe a second method, in which a 

3 5 conventional sihcon-on-insuiator (SOI) substrate was used as a compliant substrate. In the 
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process, an initially strained Si t . s Ge x layer was deposited on a thin SOI substrate. 
Upon an anneal treatment, the strain was transferred to the thin silicon film underneath, 
' n of the top Sii. x G6x film. The final structure is relaxed- 
SiGc/stramed-Si/insulator, which is not an ideal SGOI structure. The silicon layer in the 
5 structure is unnecessary, and may complicate or 'undermine the performance of devices 
bui!; on it Fot : £ i 

confine unwanted electrons due to the hand gap offset between the strained-Si and SiGe 
layer, 

U.S. Pat. Nos. 5,906,951 and 6,059,895 describe the formation of a similar 
10 SGOI structure: straineddayer(s)/telaxed-SiGe/Si/iasulatof structure. The structure was 
produced by wafer bonding and etch back process using a P'** layer as an etch stop. 
The presence of the silicon layer in the above structure may be for the purpose of 
facilitating Si-insulator wafer bonding, but is unnecessary for ideal SGOI substrates. 
Again, the silicon layer may also complicate or undermine the performance of devices 
15 built on it For example, it may form a parasitic back channel on this strained-Si, or 
may confine unwanted electrons due to the band gap offset between the strained-Si and 
SiGe layer. Moreover, the etch stop of P TT in the above structure is not practical when 
the first graded Sij. y G% layer described in the patents has a y value of larger than 0,2. 
Experiments from research shows Si|. y Ge y with y larger than 0.2 is a very good etch 
20 stop for both KOH and TMAH, as described in a published FCT application WO 
99/53539. Therefore, the KOH will not be able to remove the first graded Sij.yGe y 
layer and the second relaxed SiGe layer as described in the patents. 

Other attempts include re-crystallization of an amorphous Sij. x Ge, r layer- 
deposited on the top of SOI (silicon-on-insulator) substrate, which is again not an ideal 

2 5 SGOI substrate and the silicon layer is unnecessary, and may complicate or undermine 

the performance of devices built on it. Note Yeo et al. IEEE Electron Device Letters, 
Vol. 21, No. 4, pp. 161-163, 2000. The relaxation of the resultant SiGe film and 
quality of the resulting structure are main concerns. 

From the above there is a need foi a si npl - echu que f * i rel ixed SGOI 

3 0 substrate production, a need for a technique for production of high quality SGOI and 

Ul-V material on- de range of. i material 

transfer. 



3 5 \ecorOc en - the spro production 
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of wide range of high quality material is provided. fn particular, the production of 
relaxed Sii. x Oe x -on-insulator {SGOI) substrate or relaxed HI-V or II-VI material -on- 
xwi-msulator, is described. High quality monocrystalline relaxed 
( or other relaxed XTI-V mixta • grown on a silicon 

5 substrate using a graded Sii-sOe* epitaxial growth technique. A thin film of the layer is 
transferred into an oxidized handle wafer by wafer bond's. % a wai plitthi ini 
. > > , in inn The invention makes use of the gradet S ; t bu 

structure, resulting in a simplified and improved process. 

The invention also provides a method allowing a wide range of device materials 
1 0 to be integrated into the inexpensive silicon substrate. For example, it allows 

production of Si[- x C3e x ~on~msalator with wide range of Oe concentration, and allows 
production of many III-V or II- VI materials on insulator like GaAs, A! As, ZnSe and 
InGaP. The use of graded Sij„ x Ge* buffer in the invention allows high quality materials 
with limited dislocation defects to be produced and transferred. In one example, SGOI 
15 is produced using a SiGe structure in which a region in the graded buffer can act as a 
natural etch stop. 

The invention provides a process and method lor producing monocrystalline 
semiconductor layers. In an exemplary embodiment, a graded Si^Ge* (x increases 
from 0 toy) s e < deposition of a relaxed 

20 Sij, y Ge y layer, a thin strained Si^Ge?. layer and > otb > iaxed Sij. y Ge y layer. 

Hydrogen ions are then introduced into the strained S^Ge* layer. The relaxed Sij.yGey 
layer is bonded to a second oxidized substrate. An annealing treatment splits the 
bonded pah at the strained Si layer, whereby the second relaxed Sij„ y Gey layer remains 
on said second substrate. 

2 5 In another exemplary embodiment, a graded Si;- x Ge x is deposited on a first 

silicon substrate, where the Ge concentration x is increased from 0 to 1. Then a relaxed 
GaAs layer is deposited on the relaxed Ge buffer. As the lattice constant of GaAs is 
close to that of Ge, GaAs has high quality with Hranu 1 ' cation defects. Hydrogen 
ions are introduced into the relaxed GaAs layer at the selected depth. The relaxed GaAs 

3 0 layer is bonded to a second oxidized substrate. An annealing treatment splits the 

bonded pair at the hydrogen ion rich layer, whereby die upper portion of relaxed GaAs 
layer remains on said second substrate. 



3 5 Figs. I A- IC are block diagrams showing the process of producing a SGOI 
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substrate in a ■ ; with the invention; 

Figs. 2A and 2B are infrared transmission images of an as-bonded wafer pair 

and a final SGOi substrate after splitting, respectively; 

Fig, 3 is a TEM cross-section view of a SiGe layer that was transferred onto the 
S top of a buried oxide- 
Fig. 4 is an ARM for a transferred SGOI substrate showing surface roughness; 

and 

Figs. 5-8 are block diagrams of various exemplary embodiments semiconductor 
structures in accordance with the invention. 



An example of a process in which SGOI is created by layer transfer is 
described. The experiment was performed in two stages. In the first stage, 
heteroepitaxial SiGe layers are formed by a graded epitaxial growth technology. 
15 Starting with a 4-inch Si (100) donor wafer 1 DO, a linearly stepwise compositionally 
graded Sii. x Ge x buffer 102 is deposited with CVD, by increasing Ge concentration from 
zero to 25%. Then a 2.5 u-m relaxed Si^Geo.^ cap layer 104 is deposited with the 
final Ge composition, as shown in Fig. 1 A. 

The relaxed SiGe cap layer has high quality with very low dislocation defect 

2 0 density (less than 1E6 /cm* 4 ), as the graded buffer accommodates the lattice mismatch 

between Si and relaxed SiGe. A thin layer of this high quality SiGe will be transferred 
into the final SGOI structure, The surface of the as-grown relaxed SiGe layer shows a 
high roughness around 1 inm to 15nm due to the underlying strain fields generated by 
misfit dislocations at the graded layer interfaces and thus chemical-mechanical 
25 polishing (CMP) is used to smooth the surface. In the second stage, the donor wafer is 
implanted with hydrogen ion (100 fceV, 5B16 H + /cm 2 ) to form a buried hydrogen-rich 
layer. After a surface clean step in a modified RCA solution, it is bonded to an 
oxidized 106 Si handle wafer 108 at room temperature as shown in Fig. IB. 

The wafer bonding is one of the key steps, and the bonding energy should be 
30 strong enough in order to sustain the subsequent lave transfer i - lep Good 
ng squires a flat surface and a highly hydropl 1 Oi l s 

other hand, th tde in the final bonded structure is s I to have good 

I t 1 propertit vilJ tnfluenc< ' ' ' s 1 ricaiedon.it. In the 

conventional Si film transfer, thermal oxide on the donor water is commonly used 

3 5 before JET implantation and wafer bonding, which becomes the buried oxide in the 



10 
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n snitin • ^viMi-on^nsulator structure. 

The thermal oxide of the Si donor wafer meets all t - nts, as h has 

good electrical properties., has Sat surface and bonds very well to the handle wafer. 
Unlike the Si, however, the oxidation of Side film rt,Miits in pool t 
5 quality, and the Ge segregation dining oxidation also degrades the SiGe film. 
Therefore the thermal oxide of SiGe is not suitable for the SGOI fabrication. In one 
exemplary experiment the SiGe film will be directly bonded to art oxidized Si handle 
wafer. The high quality thermal oxide in the handle wafer will become the buried 
oxide in the final SGOI structure. 

10 Having a flat surface after a CMP step, the SiGe wafer went through a clean 

step. Compared to Si, one difficulty of SiGe film is that, SiGe surface becomes rougher 
during the standard RCA clean, as the NH4OH in RCA1 solution etches Ge faster than 
Si. Rough surface will lead to weak bonding as the contact area is reduced when 
bonded to the handle wafer. In this exemplary embodiment, H>S0 4 -l::h(>2 solution is 

1 5 used in the place of RCAI, which also meets the clean process requirement for fee 
subsequent furnace annealing after bonding. The SiGe surface after H2SO4-H2O2 clean 
shows better surface roughness compared to RCA 1 , 

After this m> >di tied clean procedure, the SiGe wafer is dipped in the diluted HF 
solution to remove the old native oxide. It is then rinsed in DI water thoroughly to 

20 make* s - c by forming a fresh new native oxide layer tha is hly 

active. After spinning dry, the SiGe wafer is bonded to an oxidized handle wafer at 
room temperature, and then annealed at 600 °C for 3 hours. During anneal the bonded 
pair split into two sheets along the buried hydrogen-rich layer, and a thin relaxed 
Sto.7sGeo.25 film 1 10 is transferred into the handle wafer, resulting in a SGOI substrate 

25 112, as shown in Fig. IB. A final 850 °C anneal improves the Sio.75Geo.25/SiO3 bond. 
Thereafter, device layers 1 14 can be processed on the SGOI substrate 112 as shown in 
Fig. 1C. 

km-, 2 \ and 2 

and the final SGOI substrate a , ' peel f t ; the surface of 

30 the as-transferred SGOI substrate, transmission electron microscopy (TBM) and atomic 
force mici I were used. The TEM cross-section view in Fig, 3 shows a 

■-640 ran SiGe layer was transferred onto the top of a 550 am buried oxide (BOX). 
Surface damage is also shown clearly at the splitting surface wife a damage depth of 
-100 am. 

3 5 Fig. 4 shows a surface roughness of 1 1.3 ran in an area of 5x5 pra 2 by AFM for the 
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as-transferred SGOI. The data is similar to those from as-transferred silicon film by 
smart-cat process, and suggests that a top layer of about 100 am should be removed by a 
final CMP step. 

After SiGe film transferring, only a thin relaxed SiGe film is removed and fee donor 
5 wafer can be used again for a donor wafer. Starring from this general SGOI substrate 
various device structures can be realized by grov Ins one oi more i ice I ?rs on fee 
top, as shown in Fig, 2C. Electrical evaluation is j ig a <-Uam Si 

layer on the top of this SGOI substrate followed by fabrication of strained Si channel 
devices, 

10 Bond strength is important to the process of the invention. AFM measurements 

were conducted to investigate fee SiGe film surface roughness before bonding under 
different conditions. One experiment is designed to investigate how long the SiGe 
surface should be polished to have smooth surface and good bond strength, since fee 
surface of the as-grown relaxed SiGe layer has a high roughness around 1. "I run to 1 5nm. 

15 Several identical 4-inch Si wafers with relaxed Sio.7sGeo.25 films were CMPed with 
optimized polishing conditions for different times. Using AFM, the measured surface 
mircoroughness RMS at an area of lOurn x 10mn is 5.5.A, 4. 5 A and 3.8 A, for wafer 
CMPed for 2 min,, 4 nun. and 6 min. respectively. After bonding to identical handle 
waters, fee tested bond strength increases wife decreasing RMS, A CMP time of 6 

20 min. is necessary for good strength. 

In another experiment, two identical 4-inch Si wafers with relaxed Sio.7sGeo.2s 
films were CMPed for 8 min. After two cleaning steps in H 2 SO..;:B 2 0 2 solution and one 
step in diluted HP solution, one wafer was put in anew EbSQ 4 :H 2 0-i (3:1) solution and 
another in a new NlWH-BiQr.hW (1:1:5), i.e. the conventional RCA.1 solution, both 

25 for 15 min. The resultant wafers were rested using AFM. The wafer after H^SO^IibOa 
solution shows a surface roughness RMS of 2A at an area of 1 urn x i run, which after 
NH40H:H 2 O 2 :H 2 O shows 4.4A. Clearly, fee conventional RCA clean roughens the 
SiGe *un c h and B 7 SO<fel 2 0 > should be used for SiGe clean. 

In yel uk ther experi n pi it 1 1 t ding For 

30 direct SiGe wafer to oxidized handle wafer bonding (SiG -oxide b< i 

fferent cJ npi lures were tested. It has been found that the M 2 SO<;:M 2 02 (2-4: I) 
solution followed by DI water rinse and spin dry gives good bond strength. Alternatively, 
one can also deposit an oxide layer on the SiGe wafer and then CMP the oxide layer. In 
this case. SiGe/oxide is bonded to an oxidized handle wafer, i.e. oxide-oxide bonding. 

3 5 Among different clean procedures, it was found that NHsOHjHzOaJHjjO clean and Dl 
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water rinse following by dilated HF, DI water rinse and spin dry gives very good 
bond strength. 

Fig. 5 is a block diagram of an exemplary embodiment of a semiconductor 
structure 500 in accordance with the invention. A graded Sii. x Ge x buffer layer 504 is 
5 grown on a silicon substrate 502, where the Ge concentration x is increased from zero 
to a value y in a stepwise manner, and y has a selected value between 0 and 1. A 
second relaxed Sii. y Ge y layer 506 is then deposited, arid hydrogen ions are implanted 
into this layer with a selected depth by adjusting implantation energy, forming a buried 
hydrogen-rich layer 508. The wafer is cleaned and bonded to an oxidized handle wafer 

10 510, Art anneal treatment at 5OO~6O0°C splits the bonded pair at the hydrogen-rich 
layer 508. As a result, the upper portion of the relaxed Sii. y Ge y layer 506 remains on 
the oxidized handle wafer, forming a SGOi subsfrate. The above description also 
includes production of Ge-on-msulator where y = 1. 

During the wafer clean step prior to bonding, the standard RCA clean for the 

15 silicon surface is modified. Since the NH 4 OH in standard R.CA1 solution etches Ge 
faster than Si, the SiGe surface will become rough, leading to a weak bond, A H2SO4- 
H2O2 solution is used in the place of RCA1, which also meets the clean process 
requirement for the subsequent furnace annealing i x>n< the SiGe rface aitei 
the H2SO4-H2O2 clean showed better surface roughness compared to RCA I . After fee 

20 modified RC ^ c l i SO4-H2O2 

solution for 10 to 20 min. H2SQ4-H2O2 renders the SiGe surface hydrophilic. After a 
rinse in DI wafer and spin drying, the SiGe wafer is bonded to an oxidized handle 
wafer at room temperature immediately, and then annealed at 500 ~600°C .for water 
splitting. 

2 5 Fig. 6 is a block diagram of another exemplary embodiment of a semiconductor 

structure 600. The structure 600 includes a graded Si j^Ge* buffer layer 604 grown on a 
silicon substrate 602, where the Ge concentration x is increased from zero to 1, Then a 
relaxed pure Ge layer 606 and a II1-V material layer 608, such as a GaAs layer, are 
epitaxialfy grown on fee Ge layer. Hydrogen ions an npj its d into the GaAs layer 

3 0 608 with a selected depth by adjusting implantation energy, forming a buried hydrogen- 

rich layer 610. The wafer is cleaned and bonded to an oxidized handle wafer 612. An 
anneal trea : s the bonded pair at the hyd mr 610. As a result, the 

upper portion of the GaAs layer 608 remains on the oxidized handle wafer, forming a 
GaAs-on-hisnlator substrate. 
35 Fig. 7, is a block diagram of yet another exemplar)' embodiment of a 
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semiconductor structure 700. A graded Si t , x Ge x buffer layer 704 is grown on a silicon 
ere the Ge concentration x is inc« - ■ ,. . ■ sleeted value y, 
where y is less than 0.2. A second relaxed Sij-zGcz layer 706 is deposited, where z is 
between 0.2 to 0.25, Hydrogen ions are implanted into the graded Si]_ x Ge x buffer layer 
S 704 with a selected depth, forming a buried hydrogen-rich layer 708 within layer 704, The 
wafer is cleaned and bond< o an < idi d 1 ndit der 710 An anneal treatment at 
500~600C° splits the bonded pair at the hydrogen-rich layer 70S. 

As a result, the upper portion of the graded Si^Ge* buffer layer 704 and the 
relaxed Si^Ge?. layer 706 remains on the oxidized handle wafer 710. The remaining 

10 graded Sii^Ge* buffer layer 704 is then selectively etched by either KOH or TMAJL 
KOH and TMAH etch Si^Ge* fast when x is less 0.2, but becomes very slow when 
x is larger than 0.2. Thus, the graded Si f . x Ge x buffer layer 704 can be etched 
selectively, leaving the relaxed Si 5 „ ? Ge >; layer 706 on the insulating substrate 710 and 
forming a relaxed SGOi substrate. In this process, the thickness of the relaxed Si^Ge* 

1 5 film 706 on the final SGOI structure is defined by film growth, which is desired in 
some applications. 

Fig. S is a block diagram of yet another exemplary embodiment of a 
semiconductor structure 800, A graded Sit. s Ge K buffer layer S04 is grown on a silicon 
substrate 802 hei 3 he I »e concentration x is increased from zero to a selected value y 

20 between 0 and 1. A second relaxed Sii. y Ge y layer 806 is deposited, followed by a 
strained Sii„ z Ge z layer 808 and another relaxed Sii-yGey layer 810. The thickness of 
layers 806, 80S, and 810, and the value z are chosen such that the Si^Ge* layer 808 is 
under equilibrium strain state while the Sii.. y Ge : , layers 806 and 810 remain relaxed, in 
one option, hydrogen ions maybe introduced into the strained Sit- ? Ge z layer 808, 

2 5 forming a hydrogen-rich layer 812, The wafer is cleaned and bonded to an oxidized 

handle wafer 814, The bonded pair is then separated along the strained Si j_ K Ge 2 layer 
808. 

Since the strain makes the layer weaker, the crack propagates along this layer 
during separation. The separation can be accomplished by a variety of techniques, for 
30 example using a in 1 force or an anneal, treatment a 5 < hydrogen 
is also introduced. See, for example, U.S. Pat Nos, 6,033,974 and. 6,184,111, both of 
which are incorporated herein by reference. As a result, the relaxed Si;. y Ge y layer 810 
remains on the oxidized handle wafer, fanning a relaxed SGOI substrate rhe duel 
layers 806, 808, and 810, and the value zniay also be chosen such that there are a good 

3 5 amount of dislocations present in the Sii^Ge* layer 808 while the top Sij -vGe, layer 8 1 0 
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remains relaxed and having high quality arid limited dislocation defects. 

rhese < 1 5 ects in the Sii-jGN^ layer 808 can then act as hydrogen trap 

centers duri qocnt step of introducing ions fh t nsmaybe 

introduced by various ways, snch as ion implantation or ion diffusion or drift by means 
5 of electrolytic charging. The value ofz may be chosen in such a way that the 

remaining Si T <jt. laye x < IAHL The layers 

806 and 810 may also be some other materials, for example pure Ge, or some III-V 
materials, under the condition that the Ge concentration x in the graded Sij-xGe* buffer 
layer 804 is increased from zero to I. 
10 After all the semioondnctor-on-insulator substrate obtained by the approaches 

described above, various device layers can be further grown on the top. Before the 
regrowth, CMP maybe used to polish the surface. 

Although the present invention has been shown and described wife respect to 
several preferred embodiments thereof, various changes, omissions and additions to the 
1 5 form and detail thereof, may be made therein, without departing from the spirit and 
scope of the invention. 

What is claimed is; 
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claims 

1 LA process of forming a semiconductor structure with a relaxed Sii-yCSey 

2 layer, comprising: 

3 depositing a graded Si^Ge* bofifer. layer on a first substrate, wherein said Ge 

4 concentration x is increased from zero to a value y; 

5 depositing a relaxed Si|.yGey layer; 

6 introducing ions into said relaxed Sii. y Gey layer to define a first heterostructure; 

7 bonding said first heterostructure to a second substrate to define a second 
3 heterostructure; 

9 splitting said second heterostructure in the region of the introduced ions, 

1 0 wherein a top portion of said relaxed Sii. ; ,Ge ; , layer remains on said second substrate. 

1 2. The process of claim 1 further comprising forming at least one device layer 

2 or a plurality of integrated circuit devices, after said step of depositing said relaxed Si*. 

3 y Gsy layer. 

1 3. The process of claim. 2, wherein said at least one devi ce layer comprises at 

2 least one- of strained Si, strained Si^ w Ge w with w * y s strained Ge, GaAs, AiAs, ZnSe 

3 and InGaP. 

1 4. The process of claim 1 further comprising forming an insulating layer before 

2 said step of introducing ions. 

1 5. The process of claim 1 further comprising planarizing said relaxed Sij. y Ge y 

2 layer, before said step of introducing ions. 

1 6. The process of claim 1 , wherein said ions comprise hydrogen H* ions or E-/ 

2 ions. 

1 7. The process of claim 1 further comprising planarizing said relaxed Sfi. y Ge y 

2 iyer. ai > d si p o tj < u iiu n u- 

1 8. The process of claim 1 further com} ri ing cleaning both said first 

2 heterostructure and said second substrate, before said step of bonding. 



9. The process of claim 1, wherein said second hetei ostructure i s split by 
annealing. 
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1 10. The process of claim 1 , wherein said second heterostmcture is 

2 split by anneal oil owed by mechanical force. 

1 11. The process of claim 1 further comprising removing the top portion of the 

2 remaking of said relaxed S«.yGey layer, after said step of splitting. 

1 12. The process of claim 1 further comprising forming at least one device layer, 

2 or a plurality ol inte 

1 13. The process of claim 12. wherein said at least one device layer comprises at 

2 least one of relaxed Si s . y Ge 7 , strained Si, strained Sii. w Ge w , strained Ge, GaAs, AJAs, 

3 ZnSeandinGaP, 

1 14. The process of claim 1 further comprising re-using the remaining first 

2 heterostructure, after said step of splitting. 



1 15. The process of claim 1 , wherein said first substrate comprises 

2 inonocrystailme silicon. 

1 16. A process of forming a semiconductor layer, comprising: 

2 depositing a graded St K Xie x buffer layer on & first substrate, said Ge 

3 concentration x being increased from zero to 1 ; 

4 depositing a relaxed Ge layer; 

5 forming a monocrystalline semiconductor layer including another 

6 material whose, lattice, constant is approximately close to that of Ge; 

7 introducing ions into said semiconductor layer to define a first 

8 heterostructure; 

9 bonding said first heterostructure to a second substrate to define a 

1 0 se< ondh ?ro ruc&m 

11 splitting said second heterostractwe in the region of introduced ions, 

12 wherein a top portion of said semiconductor layer remains on said second substrate. 

1 17. The process of claim 16, wherein said semiconductor layer comprises one 

2 of GaAs, AlAs, ZnSe and InGaP. 
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1 IS, The process of claim 16 further comprising forming at least one 

2 device layer or a plurality of integrated circuit devices, after said step of forming said 

3 semiconductor layer. 

1 19, The process of claim 16 further comprising funning an insulating layer 

2 before said step of introducing ions. 

1 20. The process of claim 16 further comprising planarizing said semiconductor 

2 layer before said step of introducing ions. 

1 2 L The process of claim 1 6, wherein said ions comprise hydrogen H* ions or 

2 lis' tons. 



1 22. The process of claim 16, further comprising the step of pianarizing said 

2 semiconductor layer after said step of introducing ions. 

1 23. The process of claim 16 further coniprisin oth said first 

2 heterostructure and said second substrate, before said step of bonding. 

1 24. The process of claim 16, wherein v> < me is split by 

2 annealing. 

1 25. The process of claim. 1 6, wherein said second heterostructure is split by 

2 annealing and followed by mechanical force. 

1 26, The process of claim 1 6 further comprising removing the top portion of the 

2 remaining of said third semiconductor layer, after said step of splitting. 

1 27. The process of claim 16 further comprising forming at least one device 

2 layer or a plurality of integrated circuit devices, after said step of splitting. 

1 28. The process of claim 16 further comprising re- using the remaining first 

2 heterostructure, after said step of splitting. 

1 29. The process of claim 16, wherein said first substrate comprises 

2 monocrystalline silicon. 



1 30, A process of forming a semiconductor structure with a relaxed Sij , 2 Ge K 

2 layer, comprising: 
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3 depositiagagmdedSii.sGex buffer layer on a first substrate, said Ge 

4 concen ased from zero to a selected value y, and y being less than 0.2; 

5 depositing a relaxed Sis^Ge* layer, where z is between 0.2 and 0.25; 

6 introducing ions into said graded Sii- x Ge* buffer layer to define a first 

7 hsterostnteture; 

8 bonding said first heterostmcture to a second substrate to define a 

9 second heterostructure; 

1 0 splitting said second heterostructure in the region of introduced ions, 

1 1 wherein the upper portion of first graded Sij-xGe* layer and said relaxed Sij^Ge^ layer 

12 remains on said second substrate-; and 

13 seiecttveh in a of said graded Si f ^Ge x layer, 

1 4 wherein said relaxed Sii-zGe^ layer remains on said second substrate. 

1 31. The process of claim 30 further comprising forming at least one device 

2 layer or a plurality of integrated circuit devices, after said step of forming said relaxed 

3 Si^Ge* layer. 

1 32. The process of claim 31, wherein said at least one device layer includes one 

2 or more of strained Si, strained Sij . w Ge w with w # z, and strained Ge. 

1 33. The process of claim 30 further comprising forming an insulating layer 

2 before said step of introducing ions. 

1 34. The process of claim 30 further comprising planarizmg said relaxed Si i_ 

2 2 Ge, layer before said step of introducing ions. 

1 35. The process of claim 30, wherein said ions comprise hydrogen if ions or 

2 Ha* ions, 

1 36. The process of claim 30 further comprising planarizmg the relaxed Si}. x Ge* 

2 layer after said step of introducing ions. 

1 37. The process of claim 30 further comprising 

2 heterostmcture and said second substrate, before said step of bonding. 
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1 38. The process of claim 30, 

2 split by annealing. 
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wherein said - structure is 



1 39, The process of claim 30 further comprising plana) < < relaxed 

2 Si j „ 8 Ci e K layer after said step of etching. 

1 40. The process of claim 30 further comprising forming at least one device 

2 layer or a plurality of integrated circuit devices, after said step of etching. 

1 41 . A process of forming a semiconductor layer, comprising: 

2 depositing a graded Si^Ge* buffer layer on a first substrate, said Ge 

3 concentration x be: i < from zero to a value y; 

4 depositing a relaxed Si(. y Ge y layer; 

5 depositing a straine r defect layei 
S depositing a relaxed layer; 

7 introducing ions into said strained or defect layer to define a first 

8 heterostrueture; 

9 bonding said first heterostrueture to a second substrate to define a second 
10 heterostrueture; and 

2 1 splitting said second heterostrueture in the region of the strained, or 

1 2 defect layer, wherein said .relaxed layer remains on said second substrate, 

1 42. The process of claim 41, wherein said strained or defect layer comprises 

2 either a strained Sii. 2 Ge. layer with z * y, or other Ifi~V material. 

1 43 . The process of claim 41 , wherein said relaxed layer or said strained or 



2 defect layer comprises either a relaxed Sij„ w Ge w layer where w is close or equal to y, or, 

3 when y is equal to 1 , one of Ge, GaAs, A! As, ZnSe and InGaF. 

1 44. The process of claim 41 further comprising forming at least one device 

2 layer or a plurality of int tte< ' p of depositing said 

3 relaxed layer. 

1 45. The process of claim. 41 further comprising forming an insulating layer 

2 before said step of introducing ions. 



i 
2 



46 . The process of claim 41 further comprising pianarizing said relaxed layer 
before said step of introducing ions. 
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1 47. The process of claim 41, wherein said ioas comprise hydrogen Ef 

2 sons or H 2 + ions. 

1 48 . The process of claim 4 1 further compri sing laxed layer 

2 after said step of introducing ions. 

1 49. The process of claim 41 tether comprising cleaning both said first 

2 heterostrueture and said second substrate, before said step of bonding. 

1 50. The process of claim 41. wherein said second heterostructure is split by 

2 annealing. 

1 51, The process of claim 41 further comprising removing one of any remaining 

2 of said strained or defect layer, and the top portion of said relaxed layer, after said step 

3 of spli tting. 

1 52. The process of claim 41 fin I < at least one device 

2 layer or a plurali ty of integrated circuit devices, after said step of splitting, 

1 53. The process of claim 41 further comprising re-using the remaining first 

2 heterosiructttre for a subsequent process after planarizing. 

1 54. A semiconductor structure comprising: 

2 a first semiconductor substrate; 

3 a second layer of relaxed Si t . x Ge> ; , wherein x = 0.1 to 1 ; and 

4 a third layer comprising at least one of GaAs, AlAs, ZnSe and InGaP, or 

5 strained Sii. y Ge y wherein y * x. 

1 55. A semiconductor structure comprising: 

2 a first substrate compri i silicon substrate; 

3 a second layer of graded Sh^Gcx buffer layer, wherein said Ge concentration x 

4 is increased from zero to a value y; 

5 a third layer of relaxed Sij-yGey ; 

6 a fourth strained or defect layer comprising either a sti a layer with 

7 z ^ y, or other 1II-V or H- VI material; and 

8 a fifth relaxed layer comprising either a relaxed Si^Ge^ layer where w is close 

9 or equal to y, or, when y is equal to I , at least one of Ge, GaAs, AlAs, ZnSe and InGaP. 
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This; invention relates to a method of preparing an SiGe layer on an 
insulator to provide a structure which is useful for fabricating high 
speed devices such as complementary metal-oxide -semiconductor {CMOS} 
transistors, modulation-doped f ield-ef Sect- transistors iMOBFSTs) , high 
electron mobility transistors (HEMTs) and bipolar transistors. 

B&cK(maxMD of mm mvtsmxm 

Electron mobility in strained Si/SiGe channels is significantly 
higher than that in bulk Si. For example, measured values of- electron 
mobility in strained Si at room temperature are about 3000 cur'/Vs as 
opposed to 400 cary'Vs in bulk Si. similarly, hole mobility in strained SiGe 
with high <3e concentration {60%~80%} reaches up to 800 emVvs, the value of 
which is about s times the hole tttobility in bulk Si of ISO can 2 /Vs. The use 
of strained crystalline materials in state-of-the-art Si devices is 
expected to result in much higher performances, higher operating speeds in 
particular. Strained Si/SiGe is of particular significance whan 
conventional Si devices continue to scale down to 0.1mm regime and start 
to approach the fundamental limits of unstrained materials. 

However, the underlying conducting substrate for MODFETs and bipolar 
transistors or the interaction of the underlying substrate with the active 
device regions in CMOS are undesirable features which limit the full 
performance of high speed devices. To resolve the problem, in Si 
technology, an insulating layer is usually used to isolate the active 
device region from the substrate before creating Silicon- On- Insulator 
(SOI) materials to replace hulk Si material for device fabrication. 
Available technology to achieve SOI wafers includes Separation by 
Implanted Oxygen {SIMOX} , bonding and etchback Silioon-Oa-Xnsulator 
(BESOX) , separation by implanted hydrogen also known as the smart -Cut® 
process which is described in U.S. 'Pat. Ho, 5,374,564 by M. Bruel which 
issued Dec. 20, 13:54, or the combination of the last two processes for 
making ultra -thin 801, U.S. Pat. No. 5,882,38? by K.V. Srikrishnan which 
issued Mar. IS, 199S. 
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When Si is substituted by strained Si/SiGe layers for high speed 
applications, there is a need for techniques capable of providing SiGe on 
insulator substrates or wafers for the fabrication of strained Si/SiGe on 
insulator materials. la U.S. Sat. So. 5,S0€,S51 by Chu at al. which 
issued May 25, 3.999, a Method of utilizing wafer bonding and backside 
etching in KOH with a p*' -doped SiGe etch-stop to form a layer of strained 
Si/SiGe on a sor substrate was described. However, the etch-stop layer is 
heavily doped by boron is the range from SalO 15 to 5x10'-''" atoms /crof and 
therefore there are chances of the boron auto -doping the strained Si/SiGe 
layers during thermal treatment. Furthermore, the strained Si/SiGe layer 
may also be subjected to unwanted KOH etching if etching could not stop 
uniformly at the p 4 * siGe etehstop layer due to variation of dopants in the 
p M layer. 

Another available technique for waking SiGe -On- insulator is via 
SXMQX as reported in a publication by T. Mizuno efc al. entitled "High 
Performance Strained-Si p-MOSFETs on SiGe- on- Insulator Substrates 
Fabricated by SIMOX Technology," ISDM Technical Digest, 99™ 934, 1339. 
However, this method has limited applications because the oxygen 
implantation induces further damage in the relaxed SiGe layer in addition 
to the existing defects caused by lattice mismatch, which may consequently 
degrade the quality of the grown strained Si/SiGe. And, the high, 
temperature anneal (>1100°C} needed to form oxide after the oxygen 
implantation is detrimental to the strained Si/SiGe layers since Ge tends 
to diffuse and agglomerate at temperatures above 600»C, this effect 
becomes more significant when the Ge content is higher than 10%, 
Furthermore, in this method, the insulator is limited to SiCt which has 
lower thermal conductivity compared to other insulators such as ja s 0 3 . 

Therefore, there is a need for an improved method for forming a 
structure suitable for growing strained epitaxial layers thereon. 

SUMMARY OF THE INVENTION 

This need is met by the invention claimed in claim 1. 

Xn accordance with a pi i -nt of the present invention, 

a method for forming a substrate suitable for growing high quality 
strained Si/SiGe layers on an insulator (SGOI) is described. This approach 
comprises the steps of selecting a first semiconductor substrate, forming 
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a first, expitaxial graded layer of Si s ^e x over the first semiconductor 
substrate, forming a second relaxed Si^.GCj, layer over the first graded 
layer, introducing hydrogen into the relaxed Si^ySe, layer creating- a 
hydrogen -rich defective layer comprising high density point defects and 
micro-cracks, the defective layer being within the relaxed Si^Ge. layer, 
smoothing the surface of the relaxed SiOSe epitaxial layer, selecting a 
second substrate having a layer of insulator such as SiO ; , Si,N«, Al*0„ or 
other acceptable or qualified lcw-k insulating materials, etc, on the 
second substrate, and having a planarized major surface on the second 
substrate, bonding the major surface of the first substrate to the major 
surface of the second substrate including the step or annealing to form a 
joined substrate pair with an insulator layer therein between, applying 
thermal treatments co the substrate pair to induce separation at the 
hydrogen-rich defective layer, the separation occurring to form a first 
structure containing the first substrate and a second structure containing 
the second substrate with a relaxed Si^Sey layer on insulator. The 
embodiment further includes smoothing the upper surface of the relaxed 
Sij.. y Ge y layer on said second substrate whereby the second structure is 
suitable for subsequent epitaxial growth of strained Si/SiGe layers for 
MOSFST, MODFFr, HEHT or bipolar transistor device applications. 

BRIEF BSSCRIFI'IOH OF THE ©SAWING 

Embodiments of the invention will now be described, by way of 
example, with reference to the accompanying drawings, in which: 

Fig. 1 is a cross section vie-,-/ of a first semiconductor substrate 
with an epitaxial layer of graded SWSe* and a relaxed layer of Si,. y Ge y 
covered with an encapsulation layer. 

Pig. 2 is a cross section view of the first semiconductor substrate 
shown in Fig. 1 exposed to an ion bombardment of hydrogen resulting in a 
K-rich defective layer within the relaxed Si^Gey layer. 

Fig. 3 is a cross section view of the first semiconductor substrate 
shown in Fig. 2 bonded to a second substrate with an insulator layer 
therein between. 

Fig. 4 is a cross section view of separation at the K-rich defective 
layer within the relaxed Si.. y Ge Y layer during heat treatments, resulting in 
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transfer of a thin layer of relaxed Si, t . y aa y or a plurality of layers 
containing the relaxed Si.^Gey and the insulator layer from the first 
semiconductor substrate on to the second substrate shown in Fig. 3. 

Fig. S is a cross section view of a first alternate embodiment of 
the invention having a smoothed surface of relaxed Si s . y G« y after 
Chemo-Mechanical Polishing {CMP} , 

Fig. 6 is a cross section view of a second alternate embodiment of 
the invention having a smoothed surface of relaxed Si>. Y Ge y after 
Chemo -Mechanical Polishing (CMS) , 

Fig. 7 is a cross section view of a thin layer of strained Si/' SiGe 
grown on the upper surface of the embodiment shown in Fig. 5 with an 
optional thin layer of relaxed Si t _ySe.,. therein between. 

Fig. 8 is a cross section view of a smoothed surface of the relaxed 
Sit-yGe, remaining an the first substrate after Chemo -Mechanical Polishing 

(CMP! , 



DETAILED DKSCSIXPTION OF THE PBSFSRSHD EMBODJUJUSTS 

The drawings illustrate the steps for the production of a thin layer 
of monocrysstalline strained Si or strained SiGe on SiGa on insulator 
iSGGX} substrates with the aid of planarisaticn of surfaces, wafer bonding 
and K- induced layer separation and transfer techniques. 

Referring now to Fig. I, a cross section view of a partial 
embodiment of the invention ia shown comprising a substrate 10 and a 
plurality of layers 20, 30 and 40. Substrate 10 raay be a single crystal 
material such as Si, SiGe, SiGeC, Sic, <3aAs, InP, etc. suitable for 
forming epitaxial layers thereon. An epitaxial graded layer 20 of Si 4 . ft <3e« 
is formed on the upper surface 12 of substrate 10. The upper surface 22 of 
graded layer 2 0 is substantially relaxed or completely relaxed. The 
relaxation may be due to a modified Frank-Read mechanism described by 
LeGoo.es et al. in U.S. Fat. Ste. 5,653,187 which issued on Aug. 19, 1997 
and is Incorporated herein by reference « Formation of ._■„ layer 

20 may foe formed as described in U.S. Pat, So. 5,659,187 by hcCeues et al. 
Layer 20 as well as layer 30 {to be described below) may be formed in a 
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OHV CVD process as described in 0.2. Pah. Ho. 5,298,452 by B,S. Meyerson 
which issued Mar. 29, 1994 arid is incorporated herein by reference. In 
layer 20, the concentration x of Ge may range from sero to a value in the 
range from 0 . a to 0.5. Layer 20 may have a thickness in the range from 
about 3,000 angstroms to 1000 ran. 

Epitaxial layer 3 0 is comprised substantially or completely of 
relaxed Si,,Me y and is formed on upper surface 22 of layer 20. Layer 30 
may have a thickness in the range from 200nm to lOOOxsm. The Ge concent y 
in layer 3 0 is chosen to natch the crystal lattica constant of upper 
surface 22 of layer 20 such that layer 30 is relaxed or essentially strain 
free. The Ge content y in layer 30 may be equal to or about the value of 
x. at upper surface 22. The value y may be in the range from about 0.2 to 
about 0.5. An encapsulation layer 40 may be formed over relaxed layer 30. 
Encapsulation layer 40 may be deposited via J?ECVD, LPCVD, OHV CVD or 
spin-on techniques. The encapsulation material way be, for example, Si, 
SiG-,, Poly Si, Si^h, low-is dielectric materials, for example. Diamond Like 
Carbon (DLC) , Fluoridated Diamond Like Carbon (FJ>LC) , a polymer of Si, C, 
O, and H or a combination of any two or more of the foregoing materials. 
One example of a polymer of Si, C, o, and K is SiCOH described in OS 
Serial m. 03/107367 filed Jun. 23, 1998 by Grill et al. entitled 
"Hydroganated Oxidized silicon Carbon Material" (Docket YOR3X998024SUS1) 
which is incorporated herein by reference. The deposition temperature for 
forming layer 40 may be below 900»C, The thickness of the encapsulation 
layer is in the range from about Sara to about SOOnro. sacapsulafcioa layer 
40 functions to protect upper surface 32 of layer 30 or to provide an 
isolation layer. 

Fig. 2 shows substrate 10 from Fig. X with SiSe epitaxial layers 20 
and 30 and an encapsulation layer 40. Layers 40 and 30 are subjected to 
ion bowbardiaeat for the implantation of hydrogen ions 50. Hydrogen ions 
SO may be H* or H/ and preferably H/. U«* may be implanted at an energy in 
the range from about 3 0 KeV to about 200 KeV at a dose in the range from 
3x10** to IxlO 1 * ions/cm*. The hydrogen implantation results in the 
formation of a H-rich layer 70. Layer 70 comprises hydrogen- containing 
SiGe point defects and planar " micro cracks residing in principle 
crystallographic planes of SiGe. The energy of hydrogen ions SO is 
selected to place the peak dose in layer 30 below surface 32 in the range 
from 100 am to 1000 nm below surface 32. The hydrogen- rich SiGe layer 70 
will form at the peak dose location of hydrogen. 
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After the seep of implanting hydrogen, a second substrate 80 is 
d 2© Layer 40. Prior to wafer bonding, surface 42 of layer 40 is 
polished by a Chemo -Mechanical Polishing (CMP) process to smooth surface 
42 to a planar surface having a root mean square {RMS } in the range from 
.3 am to 1 ram. Surface 42 may be polished before or after the step of 
implantation of hydrogen ions SD . Substrate' 30 may be a semiconductor 
such as Si, Si<3e, SiGeC or siC; as. insulator such as sapphire, glass or 
ceramic; or a metal and has an upper surface 90 which may be polished as 
above to provide a smooth upper surface SO having a SMS in the range from 
about 0,3 nm to about i nm. The surface roughness or RMS may be 
determined by performing measurements with an Atomic Force Microscope 
(AFK) over an area of 20 x 20 microns. 

The top surface -12 of layer -10 shown in Fig. 2 is turned upside down 
and brought into contact with surface 90 of substrate so. The two 
surfaces 42 and SO are brought together by the wafer bonding approach. 
Surfaces 42 and 90 are bonded together initially without affecting the 
integrity of layer 70. Layer ?c shall remain intact mechanically while 
surfaces 42 and 90 are bonded together by annealing at a temperature .in 
the range from about 20°C to about 500«C for a time period in the range 
from about 2 hours to about 50 hours. 

Layer 30 is then separated at layer 70 by annealing at a temperature 
in the range from 200 °C to 600 «C without disturbing the mechanical bond 
between surface 4.2 of layer 40 and surface 90 of substrate SO, Layer 30 
when separated at layer 70 forms a new upper surface 75 of relaxed Si^Ge,, 
layer 74 which is the upper portion of layer 30, structure 82, after 
separation shown in Pig. 4. Also surface 73 of relaxed Sii.ySe,, layer 72 is 
formed which is the lower portion of layer 30, structure 81, shown in Fig. 
4. Layer 74, layer 40 and substrate 80 form S<301 which is structure 82 
shown in Fig. i. The thickness or depth of layer 74 is controlled by the 
ion bombardment energy such that surface 75 of layer 74 is away from the 
interface of layers 3 0 and 20 and therefore contains much less dislocation 
defects. Surface 75 of Si^,.,Ge y layer 74 with encapsulation layer 40 below 
nay have a surface roughness in the range from about 3 run to about 15 nm 
root mean square {RMS} . Surface 75' is then smoothed with a 
Chemo -Mechanical Polishing {CMP) process. The Chemo -Me chanical Polishing 
(cmp) process may also be needed to thin down the SiSe for some specific 
applications, e.g., the SiGe may be thinned to a thickness in the range of 
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about SCnxn to about IQQnm for VLSI applications. The surface roughness of 
surface 75 after CMS is in the range from about 0.3 to about X 33m RMS. 

An example of a smoothing process for surface 75 of 8± Uy G^ y layer 74 
by Chemical Mechanical Polishing (CMP) includes a slurry, a I psi down 
force, a SO rpm of table speed, a 30 to 60 rpm carrier speed and a 0.S psi 
backside air pressure. The polishing slurry may be SC112 commercially 
available from Cabot Corporation, Aurora, Illinois. The slurry flow rate 
may be 140 ;;ri 11 i/Liters /minute. The polishing .slurry may have a pH frota 
about 3.5 to about 11.0. The weight % of solids, which contains silica or 
may foe only silica, may be is the range from about S% to about 30% (a 
greater range than is in SC112) and the silica particle size may be. in the 
range from about 12 to about 200 nanometers (a greater range than is in 
SC1X2), The CM? may be performed in a Westech 372 polishing tool, which 
comprises a circular rotating polishing platen and a rotating wafer 
carrier. 

The polishing pad system may foe a two pad stacked system. The top 
pad may be product No. IC1000 and. the sub-pad may be product No. Suba IVj 
both pads are commercially available from Kodel Corporation, Newark, 
Delaware. The top pad may be initially conditioned such as using a fixed 
.abrasive {such as diamond) for 300 seconds before polishing. The pad is 
then conditioned lor 2S seconds before each wafer is smoothed. 

After the CMP process step, a brush cleaning step is performed. The 
brush cleaning is affective in removing residual abrasive particles from 
the wafer surface left from CM?. The brush cleaning step was performed 
using a conventional double -sided roller brush cleaner containing one 
stage of brush cleaning. The time duration of the roller brush cleaning 
step was 93 seconds. 

After removing 100-300 am of surface 75 of Si^Gej. layer 74, the 
roughness {RMS} of epitaxialiy grown Si^,.Ge y layer, where y is 0.15 i.e. 
15% Ge, was reduced from 5~6am to 0.5-0. Sins in Root-Mean -Squre (SMS) , 
which is acceptable or qualified for epitaxial growth. With surface 75 of 
layer 74 smoothed and in condition' for epitaxial growth thereon, Si or 
SiGe may be grown thereon by CHV CVD. Depending on the composition of the 
grown SiGe and the existing SiGe of layer 74, strained Si or SiGe is 
formed due to lattice mismatch determined by the difference in 
compositions. 
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Smoothing or planarisation of SiGe for epitaxial growth has been 
shown in tf.S, 6,107,653 by K.A, Fitzgerald in an epitaxial growth 
application oa bulk silicon, la U.S. 6,107,653, chemo-mechanical 
polishing { CMP) of the upper surface of a graded SiGe layer was performed 
to remove the roughness created by dislocations introduced during 
relaxation of the SiGe layer. The planarissation of the surface was for 
the purpose of preventing the continued roughening and grooving of the 
surface that leads to dislocation blocking. . Plaxsariaation prevented a 
rise in the threading dislocation density during subsequent growth or the 
graded SiGe layer. 

For a further description of CMP of SiGe and other materials to 
reduce surface roughness to below 1 am RMS, reference is made to Serial 

No. OS/ by 13. P. Canaperi et al. riled on even date of Sept. 23, 

2000 entitled "A Method of wafer Smoothing for Bonding tJising 
Chemo-Hechanieal Polishing {CMS*}* which is assigned to the assignee herein 
and incaroparafced herein by reference. 

For a description of forming strained Si/SiOe for high speed CMOS 
devices reference is made to 17. S. Pat. No. 5,534,713 by Ismail et al. 
which issued on Only 9, 1996, U.S. Serial No. 03/267323 by Chu et al. 
(Docket YQR9-1S99-O46O0SI) filed Mar. 12, 1993 which is assigned to the 

i and incorporated herein by reference and PCX Application 
Mo. USDD/Q62S8 by J.O. Chu (Docket YGR9- 1999-0123PCT1) having a priority 
date of March 12, 1999 which is assigned to the assignee herein and 
Incorporated herein by reference. 

In an alternate embodiment, structure 82' includes substrate SO with 
an insulator layer S3 between substrata SO and layer 40 which is shown in 
Fig, s. The insulator layer 83 may be deposited or formed via VECm, 
bPCVD, OHV CVD, thermal oxidation or spin-on techniques. Insulator layer 
83 nay comprise a material selected from the group consisting of SiO*, 
3i s H*, Al s O_, , or other acceptable or qualified low-k dielectric materials, 
for example, Diamond like Carbon (DI>C) , Fluorinated Diamond bike Carbon 
{FDbC} , a polymer of Si, C, O, and K such as SiCOH or a combination of any 
two or aic posit te pax t e 

below &00°C. 
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Insulator layer S3 may haves an upper surface 84 which is polished 
via CKP in place of or in addition to surface 90 and may be bonded to 
upper surface 42 of layer 40. If insulator layer 40 is not present over 
relaxed Si^Ge^ layer 30 which after separation is layer 74, insulator 
layer 3 3 may be bonded directly to upper surface 32 of layer 74. The 
bending steps for bonding insulator layer S3- to insulator layer 4 0 include 
annealing at a temperature in the range from about 2Q°C to about S00»C and 
for a rime period in the range from about 2 hours to about 50 hours. The 

n Ingr steps for bonding .Insulator layer 83 to relaxed Si is .G6 ? layer 30 
include annealing at a temperature in the range from about 20 »c to about 
500 °C and for a time period in the range from about 2 hours to about 50 
hours . 

la another emboditaent , structure 82" includes intermediate layer 86 
formed with or in place of insulator layer 83. Fig. 6 shows layer 86 in 
place of layer S3 shown in Fig. 5. Layer 86 has an upper surface S? 
bonded to surface 42 of layer 40. Intermediate layer 86 may be Ge, or 
metals which either have a low-melting point or react with silicon to form 
a silicide such as tungsten {><?} or cobalt (Co) to achieve high bonding 
strength at anneal temperatures in the range from about 100°C to about 
800°C. The anneal can be either a furnace anneal or a rapid thermal anneal 
(RT&5 . Depending on the selection of intermediate layer 86, the bonding 
interface can be between SiGe layer 74 and Ge or a metal or between the 
eiicapsuiation layer 40 and Ge or a metal. 

Fig. 7 shows a cross section view of structure 82' ' ' including 
structure 82 shown in Fig, 4 with epitaxial layers 54 arid 98 formed on 
upper surface 75 of layer 74. Layer 94 may be a thin layer in the range 
from about 30nm to about SOOnra of relaxed epitaxial Si^Ge,, and layer 38 
may be a thin layer in the range from about 100 angstroms to about 300 
angstroms of strained Si. Field effect transistors for CMOS or MOD PET •' s 
may be formed in strained Si layer 98. The strain in si will be tensile 
and the mobility of holes and electrons will be in as u» to the 
tensile strain. 

Fig. 8 shows a cross section' view of structure 81' shown in Fig. 4 
with uppei surf a ? smoc c 3 a£ Ihe £ ng (CMP) to 

i a . c-., surface suitable for epitaxial deposition of 
additional Si,, y Ge } . to rebuild the thickness of layer 72' back to the 
thickness of original layer 30 shown in Fig. 1 or to another selected 
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thickness. &a additional layer 40 may be formed over surface 73' of layer 
72' (not shown) to provide the embodiment shown in Fig. 1 for starting 
another sequence of steps as shown in Figs. 2-4. Alternatively, the 

nt isvjTi i Fig i t-i 5 v -i for starting another sequence of 
steps as shown in Figs. 2-4. 

It should be noted in the drawing that like elements or components 
are referred to by like and corresponding reference numerals. 

While there lias beer, described and illustrated a method for forming 
strained Si or siGe on SiGe on insulator (SGCI) using planariaation, 
cleaning, bonding and layer separation by the implantation of hydrogen., is 
will be apparent to those skilled in the art that modifications and 
variations are possible without deviating from the broad scope of the 
invention which shall he limited solely by the scope of the claims 
. t iidad harero. 
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X. A method of preparing a relaxed Side layer on an insulator, 
comprising the steps of forming a graded Sis.^Ge,. epitaxial layer on a first 
single crystalline semiconductor substrate, forming a relaxed Si..gGe 7 
epitaxial layer over the graded Si^Ge* layer, forming a hydrogen- rich 
detective layer in the relaxed Si, y Ge., layer by hydrogen bombardment, 
providing a layer of an insulator over the surface of the relaxed Si 3 .. Y Ge y 
it i i _ 1 t»Q S» z G«y Tear at- the a ib ;h 

def.esct.ive layer to form a first structure containing the first, substrate, 
the graded Si Vx Ge„ layer and a relaxed Si l . r Ge y layer, and a second 
structure containing the insulator layer with a relaxed Sb_ y Ge,, layer on 
its surface. 

a. The method of claim X, wherein the step of providing a layer of an 
insulator over the surface of the relaxed Si^Ge,, layer comprises selecting 
a second substrata having an insulator layer thereon, and bonding the 
surface of the relaxed Si^Ge., epitaxial layer on the first substrate to 
the surface of the insulator layer on the second substrate, whereby the 
second "structure contains the second substrate and the insulator layer 
with the relaxed Si,.j,6e y layer on its surface. 

3 , The method of claim X, wherein the step of providing a layer of an 
insulator over the surface of the relaxed Si t . y Ge Y layer coirprises forming 
an insulator layer thereon, the method further comprising selecting a 
second substrate, and bonding the second substrate to the insulator layer, 
whereby the second structure contains the second substrate and the 
insulator layer with the relaxed Sii-^Ge*. layer on its surface. 

4, The method of any preceding claim, further including the step of 
growing an epitaxial layer on the surface of the relaxed Si w Ge y layer of 
the second structure. 

5, The method of claim 4, wherein the epitaxial layer is a strained 
layer . 
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